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Abstract

Clinical radiotherapy treats life-threatening cancers, but the radiation often affects neighboring 

normal tissues including bone. Acute effects of ionizing radiation include oxidative stress, DNA 

damage, and cellular apoptosis. We show in this study that a large proportion of bone marrow 

cells, osteoblasts, and matrix-embedded osteocytes recover from these insults only to attain a 

senescent profile. Bone analyses of senescence-associated genes, senescence-associated beta-

galactosidase (SA-β-gal) activity, and presence of telomere dysfunction-induced foci (TIF) at 1, 7, 

14, 21, and 42 days post–focal radiation treatment (FRT) in C57BL/6 male mice confirmed the 

development of senescent cells and the senescence-associated secretory phenotype (SASP). 

Accumulation of senescent cells and SASP markers were correlated with a significant reduction in 

bone architecture at 42 days post-FRT. To test if senolytic drugs, which clear senescent cells, 

alleviate FRT-related bone damage, we administered the senolytic agents, dasatinib (D), quercetin 

(Q), fisetin (F), and a cocktail of D and Q (D+Q). We found moderate alleviation of radiation-

induced bone damage with D and Q as stand-alone compounds, but no such improvement was 
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seen with F. However, the senolytic cocktail of D+Q reduced senescent cell burden as assessed by 

TIF+ osteoblasts and osteocytes, markers of senescence (p16Ink4a and p21), and key SASP factors, 

resulting in significant recovery in the bone architecture of radiated femurs. In summary, this study 

provides proof of concept that senescent cells play a role in radiotherapy-associated bone damage, 

and that reduction in senescent cell burden by senolytic agents is a potential therapeutic option for 

alleviating radiotherapy-related bone deterioration.
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Introduction

Cellular senescence is a key mechanism underlying several age- and disease-related 

comorbidities and is generally defined as the static condition of a cell in which survival 

pathways induce resistance against apoptotic triggers.(1) Oxidative stress, oncogenes, DNA 

damage, genomic instability, telomere shortening, and alteration of proteostasis are a few of 

the physiological inducers of cellular senescence.(2) One of the characteristics of cellular 

senescence is the impairment of telomeres, structures that cap the ends of chromosomes that 

consist of TTAGGG repeats associated with several telomere-binding proteins collectively 

known as the shelterin complex.(3) During replicative senescence, telomeric ends lose their 

telomere-loop (t-loop) configuration, a process known as “uncapping”, and become 

associated with various DNA damage response proteins, a phenomenon characterized by 

telomere dysfunction-induced foci (TIF).(3) Additionally, exposure to high doses of radiation 

has been shown to induce double-stranded breaks at telomere regions, inducing a DNA 

damage response (DDR) that remains persistent for long periods of time both in vitro and in 

vivo.(3–5)

Aging may reduce the capacity of the immune system to clear senescent cells.(6) Senescent 

cells can reside in tissues for an extended time, as well as have local and distant effects 

through their release of a pro-inflammatory and deleterious secretome referred as the 

senescence associated secretory phenotype (SASP). Senescence and the SASP have now 

been established as contributors to age-related frailty and other disorders.(7)

Osteoporosis is common in old age and is accompanied by a high risk for fracture.(8) Our 

recent report of elevated expression of cyclin-dependent kinase inhibitors (CDKi) p16Ink4a 

and p21 in aged bone cells(9) suggests that cellular senescence plays a role in the 

pathophysiology of osteoporosis. Cellular senescence is also associated with altered 

expression of SASP factors in bone, with an increase in pro-inflammatory factors. Moreover, 

clearance of senescent cells using genetic and pharmaceutical interventions improves bone 

quality in aged mice.(10)

Radiation has been used to induce senescent cells in vitro by generating oxidative stress, 

DNA double-strand and single-strand breaks, and chromatin disruption.(11) However, effects 

of radiation on bone are multifaceted and are largely dose-dependent, which can only be 
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studied in vivo. Both low-dose and high-dose radiation treatment regimens result in bone 

loss, mainly due to increase in osteoclast function,(12) and increases in DNA damage and 

cellular apoptosis of the bone lineage cells.(13,14) Several studies suggest that bone marrow 

cells of the hematopoietic lineage are the most sensitive to radiation damage.(15–17) Cells 

that are responsible for maintaining bone homeostasis, such as osteoblasts, osteocytes, and 

mesenchymal stem cells (MSCs), undergo varying degrees of DNA damage and apoptosis, 

with osteoblasts being more sensitive and MSCs more resistant. Thus, it is unclear whether 

cells that escape the initial insults of acute radiation in vivo are functional or become 

senescent. Here we studied the impact of accumulation of senescent osteoblasts and 

osteocytes on bone architecture post–focal radiation treatment (FRT) and whether clearance 

of senescent cells using senolytic agents could alleviate the deterioration in bone quality 

seen with radiation treatment.(18)

Materials and Methods

Animal studies

All animal studies were approved by the Institutional Animal Care and Use Committee at 

Mayo Clinic. C57BL/6 male mice were purchased from The Jackson Laboratory (Bar 

Harbor, ME, USA) and housed in our facility at 23°C to 25°C with a 12-hour light/dark 

cycle and were fed with standard laboratory chow (PicoLab® Rodent Diet 20 #5053; 

LabDiet, St. Louis, MO, USA) with free access to water. Col2-Cre Rosa-Tomato (Col2/

Tomato) mice were generated by breeding Col2-Cre mice and Rosa-Tomato mice obtained 

from The Jackson Laboratory and as described.(14) Mice received a dose of FRT comparable 

to that received by patients suffering from spinal metastases, which is a single dose of 24 Gy 

on day 0. This dose is used as a proof of concept and an attempt to mimic patients with 

oligometastatic cancers to spine (mostly prostate and lung primary), who are treated 

aggressively with stereotactic body radiation therapy (SBRT) at our institution. Because 

these oligometastatic patients have the potential to have longer term survival (>1 to 3 years), 

it is highly relevant to study bystander effects to the normal bone (ie, SBRT treatment 

toxicities), using femur as a simplistic model of choice, with the goal of improving normal 

tissue complications in a tumor adjacent bone. Using X-Rad-SmART (Precision X-Ray Inc. 

[PXi], North Branford, CT, USA) an image-guided focal dose of 24 Gy at 6.6 Gy/min was 

delivered to a 5-mm region of the distal metaphyseal region of the right femur, while the left 

femur served as the contralateral control. Radiated (R) and nonradiated (NR) femurs were 

harvested on days 1, 7, 14, 21, and 42 (a minimum of n = 3 animals/time point) for gene 

expression analyses and at 42 days post-FRT for measurements of bone architecture. 

Dasatinib (D; 5 mg/kg, n = 5) (LC Laboratories, Woburn, MA, USA), quercetin (Q; 50 

mg/kg, n = 5) (Cayman Chemical Company INC, Ann Arbor, Michigan, USA), fisetin (F; 50 

mg/kg, n = 5) (Sigma-Aldrich Corp., St. Louis, MO, USA), or a cocktail of D and Q (D 5 

mg/kg + Q 50 mg/kg, n = 5)(11,19) were administered on day 0 and on day 14 post-FRT by 

oral gavage, with vehicle (n = 5) being the control. Animals were injected with Alizarin-3-

methyliminodiacetic acid (Sigma-Aldrich Corp.) and calcein (Sigma-Aldrich Corp.), 9 and 2 

days before tissue harvest, respectively. Body weight of the animals did not change before or 

after FRT or treatment (data not shown). Serum was collected at time of death to determine 

N-terminal propeptide of Collagen alpha-1 (I) chain (P1NP) (G-Bioscienses™ IT5184, St. 
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Louis, MO, U.S. A.) and Collagen C-Terminal Telopeptide (CTX-I) (LS Bio, Seattle, WA, 

USA) levels by enzyme-linked immuno sorbent assay (ELISA) as per manufacturer’s 

instructions. One animal from the D group was removed from the study because of severe 

fight wounds and weight loss. All animal studies were performed in a double-blinded 

manner, with the animals being coded by a unique identifier.

Methyl methacrylate tissue embedding and histology

R and NR femurs were processed at day 42 post-FRT for methyl methacrylate (MMA) 

embedding. Nondecalcified femurs were sectioned into 5-μm sections that were used for 

static histomorphometry and TIF assay, while 8-μm sections were used for dynamic 

histomorphometry.

Micro–computed tomography analysis

Bones were harvested 42 days post-FRT and scanned by high-resolution micro–computed 

tomography (μCT) (vivaCT 40; Scanco Medical AG, Brüttisellen, Switzerland). Images 

were scanned from the distal end of the femur, corresponding to a 1-mm to 5-mm area above 

the growth plate. All images were first smoothed by a Gaussian filter (sigma = 1.2, support = 

2.0), then thresholded corresponding to 30% of the maximum available grayscale values as 

described.(14,20) We used a visual confirmation to create this global threshold and one that 

includes most of the bone architecture, a method described in detail.(20) Volumetric bone 

mineral density (vBMD), bone volume fraction (BV/TV), trabecular thickness (Tb.Th), 

trabecular separation (Tb. Sp), trabecular number (Tb.N), and structure-model index (SMI) 

were calculated using 3D standard microstructural analysis.

SA-β-galactosidase staining

SA-β-galactosidase (SA-β-gal) is a marker to identify senescent cells.(11) The SA-β-gal 

assay was performed on bone sections (n = 4 per group) at 28 days postradiation using a 

standard staining kit (Cell Signaling Technology, Beverly, MA, USA; Catalog# 9860S). 

Briefly, frozen bone sections were air dried, washed in PBS before and after fixation, and 

incubated with the β-gal staining solution containing the substrate X-gal as per the 

manufacturer’s instructions. The slides were incubated at 37°C in a non-CO2 chamber for 16 

to 20 hours. Slides were visualized using a Nikon Eclipse CiL Microscope (Nikon, Tokyo, 

Japan) at a resolution of 200×. Blue stained SA-β-gal+ cells on the bone surface were 

quantified per mm of bone surface.

TIF assay

TIF assay (n = 4/group) was performed on deplasticized-MMA embedded bone sections by 

incubation in 0.01M citrate buffer (pH 6.0) at 95°C for 15 min then on ice for 15 min before 

washing in water and PBS for 5 min each. The TIF assay was performed as described.(3) In-

depth Z-stacking was used (a minimum of 135 optical slices with ×63 objective). The 

number of TIFs per cell was assessed by manual quantification of partially or fully 

overlapping (in the same optical slice, Z) signals from the telomere probe (Cy-3-labelled 

telomere-specific (CCCTAA) peptide nucleic acid probe (F1002, Panagene) 54, Techno 10-

ro, Yuesong-gu, Daejeon 34027, South Korea) and γ-H2AX, phosphorylation of the C-
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terminal end of histone H2A.X, a marker for double strand breaks in DNA (Cell Signaling 

Technology, Danvers, MA, USA). In z-by-z analysis. Images were deconvolved using a 

deconvolution algorithm, with blinded deconvolution in AutoQuant X3 (Media Cybernetics, 

Rockville, MD, USA). We defined a minimum of two TIFs to assign it as a TIF+ cell. TIF+ 

osteoblasts (~50 to 100 per bone section/animal), TIF+ osteocytes (~35 to 50 per bone 

section/animal), and TIF+ bone marrow cells (~1000 per bone section/animal) were 

quantified using FIJI (an Image J distribution software; NIH, Bethesda, MD, USA; https://

imagej.nih.gov/ij/).(21)

TUNEL assay

Four-month-old Col2-Cre-Td+Tomato male mice received radiation (24 Gy) in a 5-mm 

region of the right femoral metaphysis, accompanied with intermittent treatments on day 0 

and 14, with either vehicle (n = 4 mice) or D+Q (n = 4 mice); bones were collected on day 

42 post-FRT and processed for frozen sectioning. The TUNEL assay was carried out 

according to the manufacturer’s instructions (ApopTag Fluorescein In Situ Detection Kit; 

EMD Millipore, Billerica, MA, USA) and as described.(14,22)

Isolation of bone cells

Bone cells were isolated for mRNA analysis as described.(9) Briefly, flushed bone marrow 

cells were pooled and treated with red blood cell (RBC) lysis buffer solution (eBioscience, 

San Diego, CA, USA) for 5 min at room temperature. Following a brief centrifugation and 

resuspension in FACS buffer, the resulting bone marrow mononuclear cells (BMMNCs) 

were further processed using magnetic activated cell sorting (MACS; autoMACS-Pro 

magnetic cell sorter; Miltenyi Biotec, Inc., San Diego, CA, USA) to obtain highly enriched 

fractions of myeloid cells, osteoblasts, and osteocytes, as described.(9)

qRT-PCR

A 5-mm region below the growth plate of the distal metaphyseal femur was cut out from the 

R and NR legs. After removal of muscle tissue, the bone samples were homogenized and 

total RNA was isolated using RNeasy Mini Columns (QIAGEN, Valencia, CA, USA). 

mRNA extraction from enriched myeloid cells, osteoblasts, and osteocytes from young (6 

months old) and old (24 months old mice) was performed as described.(9) cDNA was 

generated from mRNA using the High-Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems by Life Technologies, Foster City, CA, USA) according to the manufacturer’s 

instructions and RT-qPCR was performed as described in our previous studies.(9) All primer 

sequences were obtained from Dr. Khosla’s laboratory and have been authenticated by 

previous studies.(9,10) Primers were designed so that they overlapped two exons. A detailed 

list of primer sequences are provided in Supplementary Table S1.

Static and dynamic histomorphometry

Static histomorphometry was performed on Goldner’s trichrome–stained sections, counting 

osteoblast numbers (N. Ob) per mm of bone surface. Dynamic histomorphometry was 

performed on unstained deplasticized sections and mineralizing surface (MS/BS) and bone 

formation rate (BFR) were calculated as described.(23) Both static and dynamic 
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histomorphometry were performed using the OsteoMeasure Histomorphometry System 

(OsteoMetrics, Inc., Decatur, GA, USA) with an Olympus Dotslide motorized microscope 

system (Olympus, Waltham, MA, USA).

Statistical power, sample size, and computational analyses

Based on prior studies, and with 5 mice/group, we estimated 80% power to detect a 30% 

decrease in BV/TV in the R-treated bone as compared to NR bone, assuming two-sided 

alpha of 5% (effect size of 0.5, paired t test using nQuery Advisor 7.0; Statsols, Boston, MA, 

USA). With 5 mice/group, there would be 80% power to detect a 1-standard deviation (SD) 

change (effect size = 1) in bone parameters between the two independent groups of mice (R-

Veh versus R-Senolytic-treated group), assuming two-sided alpha of 5% (two-sample t test 

using nQuery Advisor 7.0). For histology and mRNA analysis with a minimum of three 

mice/group, we have previously achieved a 30% change (assuming a two-sided alpha of 

5%). The proposed analysis and sample size calculation were facilitated by the biostatistics 

core at the Mayo Clinic. All statistics were performed using GraphPad Prism 8.1.1 software 

(GraphPad Software, Inc., La Jolla, CA, USA). Data are expressed as medians with 

interquartile range and analyzed by two-tailed paired t tests where the factors were: radiation 

(R versus NR-contralateral control leg in the same animal) and by two-way analysis of 

variance (ANOVA) followed by a Tukey post hoc analysis where variables were radiation 

(NR versus R) and drug treatment (D+Q-treated versus vehicle-treated). Heat maps were 

created using Morpheus software (https://software.broadinstitute.org/morpheus).

Results

Association of accumulated senescent osteoblasts and osteocytes with bone damage 
postradiation

In order to ascertain the role of cellular senescence as a cause of radiotherapy-related bone 

deterioration, we exposed an area of 5 mm in the femoral metaphysis to a single dose of 24 

Gy radiation, and analyzed the bones at different time points. We were able to confirm our 

previous reports and saw a significant bone loss 4 weeks post-FRT (Fig. 1A,B).(14,22) To 

confirm the presence of senescent cells 28 days post-FRT, we stained for SA-β-gal activity 

in both NR and R femurs, and found a significant 4.4-fold increase in the SA-β-gal+ cells on 

the bone surface in the R femurs (Fig. 1C,D). We also detected a 4.7-fold increase in TIF+ 

osteocytes (Fig. 1E,F) and a 3.7-fold increase in TIF+ bone lining cells including osteoblasts 

(Fig. 1G,H) in R femurs at 42 days post-FRT.

FRT increases expression of senescence and SASP related genes

In order to understand the dynamics of senescence markers, we determined the gene 

expression levels of p16Ink4a and p21 on days 1, 7, 14, 21, and 42 post-FRT. Both p16Ink4a 

and p21 had significantly higher expression at all time points in R femurs compared to NR 

femurs (Fig. 2A,B). Interestingly, p21 expression increased dramatically by 12.8-fold on day 

1, followed by a gradual reduction to 8.8-fold on day 7, 4.3-fold on day 14, 3.6-fold on day 

21, and finally 2.7-fold on day 42 post-FRT (Fig. 2A). Conversely, p16Ink4a increased by 

3.4-fold on day 1, and thereafter maintained significantly higher gene expression in the R 

femurs at all time points post-FRT (4.4-fold on day 7, 1.8-fold on day 14, and 2.7-fold on 
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day 21), reaching the highest expression level with a 11.7-fold increase on day 42 post-FRT 

(Fig. 2B). As shown by heat maps, apart from p16Ink4a and p21, significant increases in the 

expression of the other CDKi markers, p15Ink4b and p27Kip1, were also observed in R bone 

at 14 days post-FRT, while p19Ink4d remained essentially unchanged (Fig. 2C). Whole-bone 

gene expression patterns in p16Ink4a and p21 were also similar to changes in bone cells from 

aged mice at 14 days post-FRT (Supplementary Fig. S1). This trend of increased expression 

of cell cycle inhibitors was also observed at 21 days post-FRT, with significant increases in 

p16Ink4a, p21, p15Ink4b, and p27Kip (Fig. 2D; Supplementary Fig. S1).

Because we did not see changes in bone architecture until day 14 post-FRT, we evaluated 

gene expression of the SASP factors at 2 weeks to understand the earliest change in bone 

environment triggering the bone loss. Based on previously described SASP factors in 

different model of induction of senescence including X-rays,(9,24–26) we analyzed 46 SASP 

genes using qRT-PCR, out of which 18 were markedly elevated 14 days post-FRT (Fig. 3A), 

and a select few were downregulated. Out of 18 genes that were significantly upregulated 

post-FRT, 10 genes (Ccl2, Ccl3, Ccl5, Ccl7, Ccl8, Cxcl1, Cxcl2, Icam1, Igfbp4, and 

Mmp12) were a subset of those 22 that were significantly upregulated in aged bone cells as 

well (Fig. 3B and as published in Farr and colleagues(9)). Mmp12 was one of the most 

upregulated genes, with a 12-fold increase post-FRT in the R femur, which correlated well 

with the individual expression levels in aged myeloid and osteocyte fractions (Fig. 3B and as 

published in Farr and colleagues(9)). Both Icam1 and Igfbp4 had modest, but highly 

significant 1.6-fold and 1.4-fold increases post-FRT, respectively (Fig. 3C), which were also 

associated with expression levels seen in aged myeloid and osteocyte populations. Among 

the interleukins, Il1a, Il1b, and Il11 were significantly downregulated post-FRT, while Il10 
and Il18 underwent 1.5-fold and 2.7-fold increases, respectively (Fig. 3D). In search for 

SASP factors that were specific for radiation as an inducer of senescence, we expanded the 

list of chemokines tested and found that several of them were upregulated post-FRT, among 

which Cxcl1, Cxcl2, Cxcl9, Cxcl16, Ccl1, Ccl2, Ccl4, Ccl5, and Ccl7 were significant, 

while Cxcl10, Ccl3, and Ccl8 showed a trend toward increases (Fig. 3E). Cxcl5 and Ccl11 
were two of the chemokines that were significantly downregulated (Fig. 3E).

Selective efficacy of senolytic drugs in alleviating FRT-related bone damage

The accumulation of senescent cells and consequent expression of SASP markers post-FRT 

were associated with a 28.3% reduction in BV/TV at day 42, together with significant 

changes in trabecular number (Tb.N, −14.8%), trabecular separation (Tb.Sp, 13.97%), 

trabecular thickness (Tb.Th, −4.11%), and BMD (−17.35%) (Fig. 4A). Targeted clearance of 

senescent cells has been shown to improve health span(19) and also alleviate age-related 

osteoporosis.(10) Therefore, we tested the efficacy of three senolytic regimens, including D, 

Q, and F, where the treatments were given on days 0 and 14 post-FRT and the bones were 

analyzed at 42 days post-FRT. Intriguingly, none of the senolytic compounds singly were 

able to completely rescue the phenotype and failed to reach significance in any bone 

parameter measured, including BV/TV (D, 35.8%, n.s. [not significant]; Q, 34.5%, n.s.; and 

F, 9.52%, n.s.), connectivity density (Conn.Dens.) (D, 45.05%, p = .051; Q, 47.61%, n.s.; 

and F, 43.60%, n.s.), structural model index (SMI) (D, −14.38%, n.s.; Q, −14.19%, n.s.; and 

F, −9.57%, n.s.), and Tb.Th (D, 8.02%, n.s.; F, −6.76%, n.s.; and Q, 5.22%, n.s.), compared 
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to vehicle-treated R femurs (Fig. 4A,B and data not shown). Because the stand alone 

senolytic regimen did not work as we expected, we decided to test the senolytic cocktail of 

D+Q. Intriguingly, the senolytic cocktail of D+Q resulted in significant improvements in the 

radiated bones, with increase in BV/TV (74.2%, p = .0046), increase in the Conn.Dens. 

(91.29%, p = .018), a nonsignificant decrease in SMI (−24.19%, n.s.), and a nonsignificant 

increase in Tb.Th (12.88%, p = .096) compared to the vehicle R femurs (Fig. 4C,D).

Senolytic cocktail of D+Q preserves bone formation postradiation

Looking within the femoral metaphysis (Fig. 5A), vehicle-treated NR femurs had visible 

bone lining cells including osteoblasts, while the Veh-R femurs had significantly reduced 

numbers of bone lining cells. Using static histomorphometry in Goldner’s Trichrome–

stained nondecalcified tissue sections (Fig. 5B), we confirmed a 46.3% reduction in 

osteoblast numbers per bone perimeter (N.Ob/B.Pm), fivefold increase in adipocyte numbers 

per total area (N.Ad/T.Ar), and 35.4% decrease in osteocyte number per bone area (N.Ot/

B.Ar) post-FRT. D+Q treatment resulted in a significant 66% increase in N.Ob/B.Pm, a 

fourfold decrease in N.Ad/T.Ar, and a nonsignificant 25.6% increase in N.Ot/B.Ar compared 

to vehicle-treated R bones (Fig. 5C). Double labeling with Alizarin and Calcein 9 and 2 days 

before tissue harvest, respectively, demonstrated a 73.3% reduction in MS/BS and an 

approximately 93.3% decrease in bone formation rate per bone surface (BFR/BS) in vehicle-

treated R femurs (Fig. 6A,B). In D+Q-treated R femurs, a 1.95-fold increase in MS/BS and a 

4.5-fold increase in BFR/BS were observed when compared to vehicle treated R bones (Fig. 

6A,B). These changes in mineralizing ability of cells were not reflected in the gene 

expression profiles of bone marker genes, Runx2 and Bglap (Osteocalcin), in which no 

significant changes were observed in either of the groups (Supplementary Fig. S2). 

Interestingly, the bone formation marker N-terminal propeptide of type I procollagen (P1NP) 

in the serum, was significantly elevated in D+Q-treated mice as compared to the vehicle-

treated mice (Fig. 6C), but no change in the resorption marker, serum C-terminal telopeptide 

of type I collagen (CTX), was observed post-D+Q treatment (Supplementary Fig. S3).

Targeted reduction of senescent cell burden and SASP by senolytic treatment 
postradiotherapy

In order to assess the mechanisms underlying almost complete suppression of bone 

formation 42 days post-FRT, we first tested whether osteoblasts on the bone surface were 

undergoing apoptosis. As reported,(13,14,22) high-dose FRT resulted in osteoblast apoptosis, 

but the overall percentage of osteoblasts undergoing apoptosis was less than 10% 

(Supplementary Fig. S4A,B). D+Q had no effect on cell survival of the radiated osteoblasts, 

and the R femurs had a nonsignificant increase in apoptotic osteoblasts as compared to the 

NR femurs (Supplementary Fig. 4A,B). Examining the senescence profile in bone tissue 

from untreated and D+Q-treated animals at 42 days post-FRT, we observed that D+Q 

significantly suppressed p21 and p16Ink4a gene expression (Fig. 7A,B). As shown in Fig. 1, 

FRT led to an increase of TIF+ senescent osteocytes and TIF+ senescent bone lining cells 

including osteoblasts. Strikingly, intermittent (and infrequent) dosing of D+Q reduced TIF+ 

senescent osteocytes (Fig. 7C,D), TIF+ senescent bone lining cells including osteoblasts 

(Fig. 7E,F), and TIF+ senescent bone marrow cells (Fig. 7G) to levels found in NR femurs.
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We further showed that reduction of senescent cell burden by D+Q was able to suppress 

expression of several SASP genes 42 days post-FRT, including Ccl-2, Ccl-4, Ccl-5, Ccl-7, 

Cxcl-1, Cxcl-9, Cxcl-13, Cxcl-16, Cxcr5, Il10, Il18, and Mmp2 (Fig. 8).

Discussion

The goal of this study was to establish senescence as one of the key mechanisms behind the 

pathophysiology of radiotherapy-related osteoporosis. To our knowledge, this is the first 

study showing early and late senescence responses, upregulation of p21 and p16Ink4a, 

respectively, and the presence of senescent cells (osteoblasts and osteocytes) in the focally 

radiated bone microenvironment. Furthermore, this study delineates the differential efficacy 

of senolytic drugs in alleviating radiotherapy-related bone damage, with the senolytic 

cocktail of D+Q being the most effective. Our study also gives the first direct evidence that 

accumulation of senescent osteoblasts and osteocytes markedly reduces bone formation rate, 

which is restored upon short-term episodic treatment with D+Q. Furthermore, reduction of 

senescent cell burden by D+Q was accompanied by suppression of p21 and p16Ink4a gene 

expression and that of the pro-inflammatory SASP.

Effects of radiation on bone damage have been studied extensively,(14,22,27) but a detailed 

mechanism for the extent of bone loss has not been elucidated. Low-dose radiation can 

cause local and distal bone loss, possibly by increased osteoclast activity.( 12,28) However, 

osteoclast number or activity decreases with high-dose limited-field radiation preceded by a 

transient increase,(14,29) and it has been reported that alendronate fails to rescue bones 

exposed to high-dose limited-field radiation.(13) It has also been shown that high-dose 

ionizing radiation negatively affects osteoclast formation in vitro.(30,31) Although we were 

not able to assess the role of bone resorption due to osteoclast activity, we believe that the 

differences in bone volume in the NR and R bone, 28 and 42 days post-FRT, are due to 

complete suppression in bone mineralization which resulted in lack of accrual of new bone 

in the R bones. Future studies may help assess the transient activation of osteoclasts during 

single high and multiple-fractionated doses of radiotherapy.

Exploring alternative mechanisms, we showed that high-dose focal radiation causes DNA 

damage, osteoblast and osteocyte apoptosis, and fate conversion of MSCs into adipocytes.
(14,22) Although 10% to 12% of osteoblasts and 35% of osteocytes sustain DNA damage, 

only one-half of them undergo apoptosis.(14) This, however, did not explain the near 

complete suppression of bone formation rate in radiated bone.(14) Here we tested the 

hypothesis that bone-forming cells, which survive radiation-induced DNA, damage (ie, 

apoptosis-resistant cells), become senescent and result in dysfunctional osteoblasts and 

osteocytes. As a confirmation of this hypothesis, we showed here that less than 10% 

osteoblasts on the vehicle-treated radiated bone surface were apoptotic by day 42 

(Supplementary Fig. 4), and ~40% of bone lining cells including osteoblasts were senescent 

(Fig. 1G,H).

Radiation has been used to generate senescence in cell culture models, and radiation damage 

to telomeres result in TIFs.(3,32) Moreover, the overall DDR peaks at day 1 postradiation and 

then subsides, but the accumulation of DNA damage at telomere ends remains consistent 
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over a period of time.(3) We detected senescence in radiated femurs by three different 

methods, including SA-β-gal staining, detection of TIF+ cells, and gene expression of 

senescence markers and the SASP. To our knowledge, detection of senescent osteoblasts and 

osteocytes in nondecalcified bone tissue using the TIF assay also represents a technological 

advancement.

We compared markers of senescence and the SASP in radiated bone with aged bone cells. 

This was performed in order to better understand the mechanistic similarities and differences 

in the induction of cell senescence and to delineate changes due to acute DNA damage 

caused by radiation versus the more gradual accumulation of senescent cells that occurs with 

age. As shown previously,(9) both p21 and p16Ink4a are expressed in bone cells of aged mice, 

but p16Ink4a expression was significantly higher, suggesting perhaps a greater role of 

p16Ink4a in age-related cellular senescence. As compared to aging, similar changes in both 

p21 and p16Ink4a were observed with radiation. However, although p16Ink4a expression 

levels exhibited an upward trend with increasing time post-FRT, p21 expression was highest 

on day 1 post-FRT and reduced thereafter. Our data do not clarify which cell types undergo 

senescence through p21 expression or p16Ink4a expression exclusively, or whether the same 

cell(s) express both p21 and p16Ink4a. However, our previous data suggest that p21 and 

p16Ink4a may be expressed differentially in specific bone cells.(9) Furthermore, the time 

course of p21 and p16Ink4a expression after FRT strongly supports the rationale for timing of 

senolytic dosing with clinic correlates.

Most reports on senescence in bone postradiation have been limited to hematopoietic lineage 

cells,(33,34) and the role of senescent osteoblasts and osteocytes in affecting bone formation 

has not been previously studied. Senescent osteoblasts fail to carry out mineralization, 

whereas senescent osteocytes with an altered SASP profile may also affect bone quality. The 

presence of senescent cells is detrimental for tissue regeneration,(7) and their clearance by 

the use of senolytic drugs likely decreases senescent cell burden and consequently reduces 

the inflammatory SASP. Individually, D, Q, and F function as senolytic drugs (serving to kill 

senescent cells).(11,35) F and D+Q improve health span by reducing senescent cell burden.
(19,36–38) D+Q has also been shown to alleviate age-related bone loss in mice.(10) Further 

supporting the merit of potentially conducting a clinical trial of D+Q for radiation-induced 

bone damage, we recently showed that 11 days after a single oral 3-day course of D+Q, 

senescent cell abundance was significantly reduced in skin and adipose tissue of patients 

with diabetic kidney disease.(39) Thus, as in mice, D+Q reduces senescent cell abundance in 

at least two tissues in humans with a cellular senescence-associated disorder.

To our knowledge, this study is the first comprehensive attempt to use senolytic drugs as 

stand-alone agents or as a cocktail to alleviate FRT-related bone damage. Although F, D, and 

Q failed to rescue the FRT-related bone damage as single, stand-alone treatments, the 

combination D+Q alleviated FRT-induced osteoporosis (Fig. 4). As reported(14,22,40) and as 

seen in Fig. 6A, with FRT a rapid decrease in mineralization was observed. Osteoblasts that 

underwent DNA damage,(14) apoptosis (Supplementary Fig. S4),(14,22) or became senescent 

(Fig. 7E,F), likely failed to deposit substantial mineralized matrix. The extreme reduction in 

BFR could be a cumulative effect of all three cellular processes. D+Q effectively reduced the 

number of senescent osteoblasts, with concomitant improvement in BFR. Cumulatively, 
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reduction of TIF+ osteocytes and osteoblasts by D+Q treatment may have had a direct role in 

the restoration of bone quality. This was supported by the suppression of p16Ink4a and p21 

gene expression by D+Q. Static histomorphometry also confirmed that D+Q treatment was 

able to reverse radiation-induced declines in osteoblasts and osteocytes, as well as 

effectively suppress the adiposity seen in vehicle-treated radiated bones. These results show 

a direct correlation between senescence and bone marrow adiposity, one that is supported by 

other studies that show increased bone marrow adiposity when young MSCs were 

transplanted in aged mice, known to have a senescent environment.(41)

Accumulation of senescent cells is accompanied by the pro-inflammatory SASP, and its 

reduction is associated with improved tissue function with aging.(42) We showed that the 

SASP is prominent at both early (day 14, Fig. 3) and late (day 42, Fig. 8) post-FRT. D+Q 

treatment effectively minimized the SASP, likely secondary to the clearance of senescent 

cells. Modulators that can reduce the SASP without elimination of senescent cells,(42) so-

called senomorphic agents, might also be effective in preventing radiation-induced bone 

loss, but likely at the expense of continuous treatment and increased toxicity.

Here we have shown that senescent cells accumulate after FRT, and reduction in senescent 

cell burden and the related SASP by senolytic drugs alleviates radiation-induced-bone 

damage. We have provided proof of concept that cellular senescence is a major mechanism 

underlying osteoporosis related to clinically relevant radiation exposure to bone.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Identification of senescent osteoblasts and osteocytes in radiated bones. (A,B) The right legs 

of C57BL/6 mice were radiated (24 Gy) in a 5-mm region near the femoral metaphysis, 

while the left leg served as control. R and NR femurs at 28 days post-FRT were harvested, 

μCT scanned (n = 4 animals), fixed, decalcified, and processed for frozen sectioning. 

Representative 3D-reconstructed images are shown in A; BV/TV is shown in B. (C) SA-β-

gal staining shows the presence of senescent osteoblasts (red arrows) in frozen femur 

sections (n = 3 animals) at 28 days post-FRT. (D) Quantification of SA-β-gal+ cells lining 

the bone surface. (E) R and NR femurs (n = 4 animals) at 42 days post-FRT were harvested 

and processed for MMA embedding. Five-micrometer (5-μm) deplasticized sections were 

processed for TIF staining and TIFs were detected. Telomeres (red) and γH2AX (green) are 

shown in Ot of nondecalcified NR and R femurs, 42 days post-FRT. The co-localization 

detects yellow-orange TIF foci. Insets “a” and “b” show images representative of TIF+ (R) 

osteocyte nuclei. (F) Quantification of TIF+ osteocytes from NR and R femurs. (G) 

Detection of TIF+ bone lining cells including osteoblasts in nondecalcified NR and R 

femurs, 42 days post-FRT. Inset “a” shows a representative image of a TIF from an 

osteoblast. (H) Quantification of TIF+ bone lining cells on the trabecular bone surface in NR 

and R femurs. Statistical analysis was done using GraphPad Prism and p value was 

calculated using a two-tailed paired t test to compare the R and NR bones from the same 

animals. BV/TV = bone volume fraction of the total volume; Ot = osteocytes.
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Fig. 2. 
Focal radiation induces markers of senescence in bone. NR and R femurs were collected on 

days 1, 7, 14, 21, and 42, and qRT-PCR was performed to detect p21 (A) and p16Ink4a (B). 

(C,D) Heat maps of CDKi genes were determined by RT-qPCR from NR and R femurs 

collected 14 days (C, n = 3 mice) and 21 days (D, n = 5mice) post-FRT. Statistical analysis 

was done using GraphPad Prism and p value was calculated using a two-tailed paired t test 

to compare the R and NR bones from the same animals.
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Fig. 3. 
Radiation of bone induces a SASP similar to that of aged bone cells. (A) Heat map of SASP 

genes from NR and R femurs (n = 3 mice) at 14 days post-FRT. (B) Venn diagram 

representing SASP genes that were commonly expressed between R femurs from 4-month-

old male mice and old bone cells from 24-month old male mice (table). (C) Comparison of 

expression levels of SASP genes Mmp12, Icam1, and Igfbp4, between R bones and NR 

bones at 14 days post-FRT, with enriched cell populations from bones of young (Y) versus 

old (O) animals. y axis: fold change normalized against NR (for comparison between NR 

versus R), and normalized against Y (for comparison between Y versus O). Expression of 

SASP genes that are classified as interleukins and chemokines are shown (D and E, 

respectively). y axis: fold change normalized against NR (for comparison between NR 

versus R). Statistical analysis was done using GraphPad Prism and p value was calculated 

using a two-tailed paired t test to compare the R and NR bones from the same animals, and 

using a two-sampled t test for comparison of young and old bone cells.
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Fig. 4. 
Targeted clearance of senescent cells alleviates radiation-induced bone damage. Four-month-

old C57BL/6 male mice received radiation (24 Gy) in a 5-mm region of the right femoral 

metaphysis, accompanied with intermittent treatments on days 0 and 14, with either vehicle 

(n = 5 mice) or senolytic drug treatment (F: fisetin, 50 mg/kg, n = 5 mice; D: dasatinib, 5 

mg/kg, n = 4 mice; Q: quercetin, 50 mg/kg, n = 5 mice) or a cocktail of D+Q (5 mg/kg D 

and 50 mg/kg Q, n = 5 mice); bones were collected on day 42 post-FRT. (A) Images 

represent 3D representations of the bone architecture generated by ex vivo μCT scans using 

Viva40. (B) Percentage of bone volume over total volume. (C) Experiment was performed as 

described in A. 3D representation of μCT data of vehicle (n = 5) and D+Q (n = 5). (D) Bone 

architecture parameters for vehicle-treated and D+Q-treated NR and R femurs. Statistical 

analyses were done using GraphPad Prism and p values were calculated using a two-way 

ANOVA with a Tukey post hoc analysis.
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Fig. 5. 
D+Q preserves functional osteoblasts and restores bone formation in radiated femurs. Four-

month-old C57BL/6 male mice received radiation (24 Gy) in a 5-mm region of the right 

femoral metaphysis, accompanied with intermittent treatments on days 0 and 14, with either 

vehicle (n = 4 mice) or D+Q (5 mg/kg D and 50 mg/kg Q, n = 4 mice); bones were collected 

on day 42 post-FRT and processed for MMA embedding. (A) A representative Goldner’s 

Trichrome–stained bone section showing the region of interest (1–4 mm below the growth 

plate) used for static histomorphometry. (B) Representative images from vehicle-treated and 

D+Q-treated NR and R femurs (arrows indicate osteoblasts). (C) Quantification for N.Ob 

per mm of bone surface N. Ad per mm2 of total area, and total N.Ot per mm2 of total area. 

Results are expressed as medians with interquartile range. Statistical analyses were done 

using GraphPad Prism and p values were calculated using a two-way ANOVA (α = 0.05) 

with a Tukey post hoc analysis. N.Ad = number of adipocytes; N.Ob = number of 

osteoblasts; N.Ot = number of osteocytes.
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Fig. 6. 
D+Q preserves bone formation in radiated femurs. Four-month-old C57BL/6 male mice 

received radiation (24 Gy) in a 5-mm region of the right femoral metaphysis, accompanied 

by intermittent treatments on days 0 and 14, with either vehicle (n = 4 mice) or D+Q (5 

mg/kg D and 50 mg/kg Q, n = 4 mice); bones were collected on day 42 post-FRT and 

processed for MMA embedding. (A) Animals were injected with Alizarin and Calcein on 

days 9 and 2, respectively, before bones were harvested for MMA embedding. Unstained 8-

μm MMA sections were used to visualize Alizarin (red) and Calcein (green) fluorescence. 

(B) MS/BS and BFR/BS were quantified. (C) Serum protein measurement of P1NP from 

vehicle-treated and D+Q-treated animals (n = 5/group) by ELISA. Results are expressed as 

medians with interquartile range. Statistical analyses were done using GraphPad Prism and p 
values were calculated using a two-way ANOVA (α = 0.05) with a Tukey post hoc analysis. 

BFR/BS = bone formation rate per bone surface; MS/BS = mineralizing surface per bone 

surface.
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Fig. 7. 
The senolytic cocktail, D+Q, reduces the senescent cell burden in radiated bones. Four-

month-old C57BL/6 male mice received radiation (24 Gy) in a 5-mm region of the right 

femoral metaphysis, accompanied with intermittent treatments on days 0 and 14, with either 

vehicle (n = 8 mice) or D+Q (5 mg/kg D and 50 mg/kg Q, n = 8 mice); bones were collected 

on day 42 post-FRT and processed for mRNA (n = 4/group) or histology (n = 4/group). 

Gene expression levels of p21 (A) and p16Ink4a (B) were detected by qRT-PCR in NR-

femurs and R-femurs 42 days post-FRT. (C) Representative images showing the co-

localization of telomere foci with γH2AX in osteocytes (inset in Veh-R panel is a TIF+ 

osteocyte). (D) TIF+ osteocytes (from n = 4 animals/group) were quantified by visualizing 

the co-localization of telomere foci (red) and γH2AX (green). TIFs were scored by 

overlapping staining (yellow). (E) TIF+ bone lining cells including osteoblasts were scored 

as cells on the trabecular bone surface with co-localization of telomere foci and γH2AX 

(inset in Veh-R panel is a TIF+ osteoblast). (F) Quantification of TIF+ bone lining cells 

including osteoblasts (from n = 4 animals/group) on the bone surface. (G) Quantification of 

TIF+ bone marrow cells (from n = 4 animals/ group). Results are expressed as medians with 

interquartile range. Statistical analyses were done using GraphPad Prism and p values were 

calculated using a two-way ANOVA (α = 0.05) with a Tukey post hoc analysis.
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Fig. 8. 
Clearance of senescent cells by D+Q reduces the SASP in radiated bones. Four-month old 

C57BL/6 male mice received radiation (24 Gy) in a 5-mm region of the right femoral 

metaphysis, accompanied with intermittent treatments on day 0 and 14, with either vehicle 

(n = 4 mice) or D+Q (5 mg/kg D and 50 mg/kg Q, n = 4 mice). Bones were collected on day 

42 post-FRT and processed for mRNA analysis. Gene expression levels for 12 SASP factors 

at 42 days post-FRT from vehicle-treated and D+Q–treated NR femurs and R femurs are 

presented. Results are expressed as medians with interquartile range. Statistical analyses 

were done using GraphPad Prism and p values were calculated using a two-way ANOVA (α 
= 0.05) with a Tukey post hoc analysis.
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