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A B S T R A C T

Low-LET photon radiation-induced persistent alterations in bone marrow (BM) cells are well documented in total-
body irradiated (TBI) rodents and also among radiotherapy patients. However, the late effects of protons and
high-LET heavy-ion radiation on BM cells and its implications in osteoclastogenesis are not fully understood.
Therefore, C57BL6/J female mice (8 weeks; n ¼ 10/group) were irradiated to sham, and 1 Gy of the proton (0.22
keV/μm), or high-LET 56Fe-ions (148 keV/μm) and at 60 d post-exposure, mice were sacrificed and femur sections
were obtained for histological, cellular and molecular analysis. Cell proliferation (PCNA), cell death (active
caspase-3), senescence (p16), osteoclast (RANK), osteoblast (OPG), osteoblast progenitor (c-Kit), and
osteoclastogenesis-associated secretory factors (like RANKL) were assessed using immunostaining. While no
change in cell proliferation and apoptosis between control and irradiated groups was noted, the number of BM
megakaryocytes was significantly reduced in irradiated mice at 60 d post-exposure. A remarkable increase in p16
positive cells indicated a persistent increase in cell senescence, whereas increased RANKL/OPG ratio, reductions
in the number of osteoblast progenitor cells, and osteocalcin provided clear evidence that exposure to both proton
and 56Fe-ions promotes pro-osteoclastogenic activity in BM. Among irradiated groups, 56Fe-induced alterations in
the BM cellularity and osteoclastogenesis were significantly greater than the protons that demonstrated a radi-
ation quality-dependent effect. This study has implications in understanding the role of IR-induced late changes in
the BM cells and its involvement in bone degeneration among deep-space astronauts, and also in patients un-
dergoing proton or heavy-ion radiotherapy.
1. Introduction

Bone marrow (BM) is a radiosensitive tissue, and therefore, astro-
nauts undertaking deep space missions are at a greater risk of developing
space radiation-induced BM alterations that could adversely affect their
overall health (Almeida-Porada et al., 2018). Solar particle events (SPEs)
and galactic cosmic radiation (GCR) are two main sources of ionizing
radiation (IR) in the outer space (Furukawa et al., 2020), where protons
are the major constituent of both the SPEs (~90%) and the GCR (~87 %)
(Muralidharan et al., 2015; Norbury et al., 2016). In addition to highly
abundant protons, high-linear energy transfer (LET) heavy ions consti-
tute only 1–2 % of total GCR but contribute up to 89 % of the total
equivalent dose due to its densely ionizing characteristics (Walker et al.,
2013). Therefore, exposure to either highly abundant protons or densely
ionizing heavy ions is predicted to adversely impact BM cells and their
function in astronauts. However, the differential impact of protons and
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heavy ions on BM cells and its implications in IR-induced BM damage
associated pathologies are need to be better defined.

Previous studies using radiotherapy patients and in-vivo total-body
irradiated (TBI) animal models have shown long-term adverse changes
in the BM compartment after low and high- LET IR exposure (Liu et al.,
2019; Restier-Verlet et al., 2021; Suman et al., 2012; Chang et al., 2017b;
Datta et al., 2012). IR-induced late BM alterations are often marked by
elevated oxidative stress, DNA damage, senescence, decreased cellu-
larity, and altered cellular differentiation (Wang et al., 2017; Yu et al.,
2010; Sch€onmeyr et al., 2008; Manolagas and Jilka, 1995; Mauch et al.,
1995; Green et al., 2012; Greenberger and Epperly, 2009; FitzGerald
et al., 1986; Akeem et al., 2019; Chang et al., 2017a; Amsel and Dell,
1971). Bone-forming osteoblast (OB) and bone-resorbing osteoclast (OC)
cells originate from BM-mesenchymal (BM-MSCs) and hematopoietic
stem cells (HSCs), respectively (Boyle et al., 2003; Teitelbaum, 2000),
and alterations in the number, and differentiation of BM stem cells have
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been observed during low-LET IR-induced premature aging (Richardson,
2009). Therefore, IR-induced BM damage could potentially result in
depletion of OBs and activation of OC might trigger osteoclastogenesis
and subsequent bone loss (Donaubauer et al., 2020). However, osteo-
clastogenic effects of proton and heavy-ion radiation in BM compartment
is not well understood. Based on differences in the biophysical charac-
teristics and relative biological effectiveness (RBE) of proton and
heavy-ion radiation (Magrin et al., 2015; Kennedy, 2014; Choi and Kang,
2012), we hypothesized that IR-induced pro-osteoclastogenic changes in
the BM might depend on radiation quality. The term “radiation quality”
represents the ionization-associated biological damage after various
types of IR, which primarily depends on the LET. Exposure to high-LET
high radiation quality IR, such as 56Fe-ion usually causes dense ioniza-
tion and more biological damage relative to protons.

Osteoclastogenesis requires progenitor stem cell differentiation to pre-
OC, and its activation to bone resorbing OC. The receptor activator of NF-
κB ligand (RANKL) and receptor activator of NF-κB (RANK) signaling is
considered the major driver of osteoclastogenesis, while osteoprotegerin
(OPG) prevents osteoclastogenesis by binding to RANKL and preventing it
from binding to RANK (Boyce & Xing, 2007, 2008). Thus, higher RAN-
KL/OPG ratio denotes pro-osteoclastogenic activity (Boyce and Xing,
2008). TBI at <2 Gy dose has been reported to promote osteoclasto-
genesis, marked by increased gene expression of Rankl and higher Ran-
kl/Opg ratio (Alwood et al., 2015). Additionally, IR-induced loss of
osteogenic activity in the BM is also possible throughdecreased number of
megakaryocytes (MKs) and osteocalcin positive cells in the marrow
(Sch€onmeyr et al., 2008; Shao et al., 2014), where MKs have been shown
to stimulate OB proliferation and simultaneously inhibiting OC through
secretion of anti-resorptive factors (Kacena et al., 2006; Lee et al., 2020),
and a higher number of osteocalcin positive cells in the BM coincides with
higher osteogenic activity (Eghbali-Fatourechi et al., 2005).

In this study we investigated the late molecular and cellular conse-
quences of proton and heavy ion (56Fe) radiation exposure on TBI mouse
BM and report that proton and 56Fe radiation led to increased BM cell
senescence and accumulations of osteoclastogenic markers while
reducing the number of OBs, MKs and OB progenitor cells in a radiation
Figure 1. Histological analysis of hematoxylin and eosin (H&E) stained bone-marro
after 2 months post-exposure (n ¼ 6 mice/group). A) Schematic overview of experim
reductions in bone marrow megakaryocyte count and reductions in bone osteocyte
karyocytes in bone-marrow. D) Quantification of osteocytes in bone. Each bar represe
5 mice/group. * denotes p < 0.05 compared to the control group and ** denotes p
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quality dependent manner. This study provides an intriguing insight into
the differential effects of proton and heavy ion (56Fe) induced pro-
osteoclastogenic changes in the BM.

2. Results

2.1. Reductions in megakaryocytes count and increased number of
senescent cells in mouse bone marrow after proton and 56Fe-ion exposure

Hematoxylin and eosin stained histopathology of BM exhibited a
significant decrease in the number of megakaryocytes after proton and
56Fe-ion exposure as compared to their age matched controls (Figure 1B-
C). Further, number of megakaryocytes in the 56Fe-ion irradiated mice
was significantly reduced as compared to the proton irradiated group
(Figure 1C). To examine the possible role of protons and 56Fe-ion expo-
sure on the BM proliferation, apoptosis, and senescence, we performed
immunohistochemistry to measure their level of expression in two
months post-irradiation bone marrow tissues (Figure 2). Results showed
no remarkable alterations in the number of PCNA positive proliferative
cells (Figure 2A-B) and active-caspase-3 positive apoptotic cells
(Figure 2A and C) in the proton and 56Fe-ion irradiated samples with
respect to age-matched controls. However, a significant increase in the
p16 positive senescent cells (Figure 2A and D) was observed in the BM of
proton and 56Fe-ion irradiated mice relative to controls. In addition, the
number of senescent cells, as determined by p16 staining, were signifi-
cantly more in 56Fe-ion irradiated mice relative to age matched proton
irradiated mice (Figure 2D), suggesting a radiation quality dependent
effects on bone marrow senescence.

2.2. Proton and 56Fe-ion induced pro-osteoclastogenic changes in mouse
bone marrow

Immunoreactivity of RANK and RANKL was significantly higher in
the bone marrow sections of both proton and 56Fe-ion irradiated mice
with respect to the controls (Figure 3A), However, OPG expression was
decreased in both proton and 56Fe-ion groups (Figure 3A). Quantitation
w and compact bone sections from control, proton, and 56Fe-ion exposed mice
ental plan. B) Representative photomicrographs (magnification 400x) showing
count after 1 Gy of proton and 56Fe-ion exposure. C) Quantification of mega-
nts mean � SEM values obtained from 10 to 12 high power field (HPF) from n ¼
< 0.05 between irradiated groups.



Figure 2. Effect of proton and 56Fe-ion exposure on cell proliferation, cell-death and senescence in mouse bone marrow at 2 months post-exposure. A) Representative
photomicrographs (magnification 400x) showing immunohistochemical staining of PCNA (proliferation), active caspase-3 (cell death), and p16 (senescence) after 1
Gy of proton and 56Fe-ion exposure. B) Quantification of PCNA positive cells. C) quantification of active caspase-3 positive cells, and D) quantification of p16 positive
cells. Each bar represents mean � SEM values obtained from 10 HPF (high power field) with n ¼ 5 mice/group and * denotes statistically significant change (p < 0.05)
relative to the control group.
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of RANKL/OPG ratio indicated a significant increase in osteoclastogenic
activity in the BM of both proton and 56Fe-ion irradiated mice
(Figure 3B). Further, an increase in RANKL/OPG and osteoclast/osteo-
blast ratio indicated activation of osteoclastogenesis in BM of the proton
and 56Fe-ion irradiated mice. In addition, the osteoclast/osteoblast ratio
was also significantly different in proton and 56Fe-ion group, suggesting
more pronounced effects of 56Fe-ion exposure (Figure 3C).

2.3. Reduced osteoblast progenitors and osteocalcin expression in mouse
bone marrow after proton and 56Fe-ion exposure

In order to understand the effect of proton and 56Fe-ions on the bone
anabolic process, we performed immunofluorescence staining of BM
sections to analyze the number and expression of osteoblast progenitor
and bone anabolic factor osteocalcin, respectively (Figure 4). We found
reduced expression of osteocalcin in both proton and 56Fe-ion groups,
relative to controls (Figure 4B). Moreover, a statistically significant
reduction was observed in the 56Fe-ion group relative to protons that
indicates a radiation quality dependent effect on osteocalcin expression.
Further, the percentage of c-Kit expressing osteoblast progenitor was also
decreased in both proton and 56Fe-ion groups, relative to sham
(Figure 4C). Reductions in the number and expression of osteoblast
progenitor and osteocalcin clearly indicates dampening of bone anabolic
signaling in the BM compartment after IR exposure.

3. Discussion

IR exposure has been demonstrated to cause persistent cellular
senescence in many tissue types, including the BM cells (Chang et al.,
2015, 2017b). In this study, using proton and 56Fe -ion irradiated mice
3

we demonstrated a significant increase in senescence, and no appreciable
change in cell proliferation and cell death in BM cells. Further, we
observed the decrease in MKs, osteoblast progenitors, OBs, osteocalcin,
OPG expression and increased pro-osteoclastogenic RANKL, and RAN-
KL/OPG ratio in the BM cells, which indicates a pro-osteoclastgenic and
an anti-oesteogenic response to both proton and 56Fe-ion exposure.
Notably, a radiation quality dependent increase in pro-osteoclastogenic
changes in the BM was evident as 56Fe-induced alterations were signifi-
cantly greater than the proton.

Increased accumulations of p16 positive senescent cells in BM have
been observed long-term after low-LET IR exposure (Nguyen et al.,
2018; Singh et al., 2018; Geiger, 2014), whereas, here using TBI proton
and 56Fe-ion exposure we demonstrated LET-dependent increase in BM
cell senescence after proton and 56Fe-ion exposure. In concurrence, in
vivo study using low-LET and 56Fe-ion exposures have also demon-
strated increased G1 arrest in BM cells (Rithidech et al., 2008; Alessio
et al., 2015). While BM-HSCs and BM-MSCs differ in their radiosensi-
tivity, both have been shown to undergo premature senescence in
response to IR-stress (Cmielova et al., 2012) that might affect number
and functions of their respective differentiated progenies. Since OBs
originate from BM-MSCs (Zhao et al., 2014; Dominici et al., 2009; Xiao
et al., 2017; Macaulay et al., 2013) and MKs can induce osteoblasto-
genesis via secreting osteogenic factors (Kelm et al., 1992; Bre-
ton-Gorius et al., 1992; Chenu and Delmas, 1992), therefore, reductions
in the number of MKs and OBs might reflects IR-induced persistent
suppression of stem cell differentiation to osteogenic OB cells. Addi-
tionally, decreased expression of osteogenic factor osteocalcin, after
proton and 56Fe-ion exposure also demonstrates an anti-osteogenic ef-
fect, that has also been observed earlier after low-LET irradiation
(Sch€onmeyr et al., 2008).



Figure 3. Analysis of osteoclastogenic markers in the bone marrow cells after proton and 56Fe exposure. A) Representative immunofluorescence images (magnifi-
cation 400x) depicting RANK (osteoclast marker), RANKL (osteoclastogenesis marker) and OPG (osteoblast marker) expressing cells. B) Quantification of RANKL/OPG
ratio from immuno-stained sections. C) Quantification of osteoclast/osteoblast ratio from immuno-stained sections. Each bar represents mean � SEM values from 10 to
12 HPF with n ¼ 5 mice/group. * denotes p < 0.05 compared to the control group and ** denotes p < 0.05 between irradiated groups.
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Findings of this study also corroborates with previous studies
showing increased osteoclastogenesis after total body IR exposure at <2
Gy dose (Alwood et al., 2015; Yang et al., 2012; Zhang et al., 2017) and
also confirms earlier radiation quality dependent increase in Rankl
expression in the BM (Alwood et al., 2015). Additionally,
anti-osteoclastogic factor OPG is also reduced after IR exposure (Shar-
af-Eldin et al., 2016), hence would likely not prevent from IR-induced
RANKL-mediated osteoclastogenesis (Rana et al., 2012). IR-induced
osteoclastogenic activity in BM might also contribute in bone loss (Su
et al., 2018; Grigor'ev et al., 2013; Bandstra et al., 2009; Willey et al.,
2011b), which is consistent with significant loss of bone volume and
increased osteoclast activity after clinically relevant doses of γ, protons,
and 12C-ions radiation (Hamilton et al., 2006; Willey et al., 2011b).
Moreover, degenerative changes in the bone has also been reported at
spaceflight-relevant radiation doses (Willey et al., 2011a). While this
study demonstrates increased pro-osteoclastogenic activity using space
radiation, other studies showed similar effects using additional space
flight related factors such as microgravity (Stavnichuk et al., 2020).
Therefore, further studies combining microgravity and space radiation
would be important to assess BM-associated health risk of deep space
missions on astronauts' health.

Moreover, radiation quality-dependent accelerated-senescence in BM
cells, likely involve the acquisition of the senescence associated secretory
phenotype (SASP) and pro-osteoclastogenic secretion from these cells
plausibly results in persistent osteoclastogenesis (Wang et al., 2021;
Gorissen et al., 2018), as observed in aged mice (Cao et al., 2003, 2005;
Shahnazari et al., 2012). The role of SASP-associated overexpression of
RANKL in osteoclastogenesis is well established and emerging reports on
IR-induced premature aging have also demonstrated the role of RANKL in
osteoclastogenesis (Pignolo et al., 2021). While SASP factors like RANKL,
could originate from various tissue types after TBI, however, the RANKL
expressed from BM cells after TBI might be the major contributor to the
osteoclastogenesis. Based upon these findings, it is conceivable that
deciphering underlying signaling mechanism of IR-induced persistent
4

accumulations of senescent cells and SASP-associated RANKL over-
expression are important, and suggest that known anti-senescence/aging
therapies might provide significant protection against space
radiation-induced degenerative changes in the BM and bone.

4. Materials and methods

4.1. Animal care and irradiations

Female C57BL6/J mice (7 weeks) were shipped to Brookhaven Na-
tional Laboratory (BNL) animal facility and acclimated for 1 week fol-
lowed by total-body sham, proton (LET: 0.22 keV/micron) or 56Fe-ion
(LET: 148 keV/micron) exposure at the age of 8 weeks, as described
previously (Datta et al., 2012). The next day following irradiation, all
animals were shipped to Georgetown University (GU) animal facility via
an approved same-day animal courier service. All animals were
group-housed in well-ventilated cages with ad libitum access to food and
water. Animal maintenance, irradiation, and all experimental procedures
in this study were performed in accordance with our approved IACUC
protocol at both GU and BNL. The GU-IACUC protocol # 07–009
(renumbered as # 2016-1129), was initially approved on 31st Jan 2007,
renewed every three years, and active until 18th Jan-2022) and the
BNL-IACUC protocol # 345, was initially approved on 8th Feb-2007 and
renewed annually, active until 6th Feb-2022).

4.2. Sample collection and histological assessments

A schematic summary of sample collection and the experimental plan
is provided in Figure 1A. At 60 d post-exposure, mice were sacrificed
using carbon dioxide inhalation, and femurs were surgically dissected
and fixed overnight in 10% buffered formalin, followed by decalcifica-
tion, and paraffin embedding. Finally, 5–7 μm thick transverse sections
from the central tubular region (diaphysis) of the femur were obtained
for Hematoxylin and Eosin (H&E) and immunostaining. Digitized images



Figure 4. Analysis of osteogenic markers in the
bone marrow cells after proton and 56Fe expo-
sure. A) Representative immunofluorescence im-
ages (magnification 400x) depicting Osteocalcin
(osteogenesis marker) and c-Kit (osteoblast pro-
genitor marker). B) Quantification of Osteocalcin
expressing cells/HPF. C) Quantification of c-Kit
positive cells/HPF. Each bar represents mean �
SEM values from 10 to 12 HPF with n ¼ 5 mice/
group. * denotes p < 0.05 compared to the con-
trol group and ** denotes p < 0.05 between
irradiated groups.
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of the H&E stained BM sections were obtained using bright field micro-
scopy (Olympus BX63) followed by megakaryocytes quantitation.
4.3. In-situ immunostaining

Formalin-fixed paraffin-embedded (FFPE) femur sections were pro-
cessed for immunostaining either using immunohistochemistry (IHC) or
immunofluorescence (IF), as described previously (Datta et al., 2014).
Briefly, tissue sections were deparaffinized, rehydrated and
antigen-retrieval was performed using citrate buffer pH 6.0 (Electron Mi-
croscopy Sciences, Hatfield, PA), as per manufactures recommendation.
After blocking for non-specific protein binding and endogenous peroxi-
dase, tissue sections were incubated overnight with primary antibodies:
anti-PCNA (1:200 dilution, sc-7907; Santa Cruz, Dallas, TX); anti-p16
(1:1000 dilution, MAS-17142; Invitrogen, Carlsbad, CA); anti-active cas-
pase-3 (1:500 dilution, 2305-PC-100; Trevigen, Gaithersburg, MD);
anti-RANK (1:200 dilution; ab13918; Abcam, Cambridge, UK);
anti-sRANKL (1:50 dilution; MA1-20347; Invitrogen, Carlsbad, CA);
Anti-osteocalcin (1:400 dilution; ab13918, Abcam); anti-cKit (1:150 dilu-
tion, ab231780; Abcam); and anti-OPG (1:500 dilution, NB100–56505SS;
Novus Biologicals, Littleton, CO) at 4 �C. Aftermultiple washing steps, IHC
signal was detected using Mouse and Rabbit Specific HRP/DAB IHC
Detection Kit (ab236466, Abcam, Cambridge, UK) followed by counter-
staining using Mayer's Hematoxylin (26043-06, Electron Microscopy Sci-
ences, Hatfield, PA), and finally stained sections were dehydrated and
5

permanently mounted using Permount mounting medium (SP15-100,
Fisher Scientific, Waltham, MA). In case of IF, following primary antibody
incubation, slides were washed with ice-cold PBS and incubated with
appropriate secondary antibodies: Donkey anti-mouse (1:200, Alexa Fluor
594,Molecular Probe, Eugene, OR) Donkey anti-rabbit (1:200, Alexa Fluor
488, Molecular Probe, Eugene, OR) and Goat anti-mouse (1:200, Alexa
Fluor 488, Molecular Probe, Eugene, OR) followed by nuclear counter-
staining using the aqueous mounting medium with DAPI (17989-20;
Electron Microscopy Sciences, Hatfield, PA). In order to maintain repro-
ducibility, all immunostaining was conducted with appropriate controls.
4.4. Image analysis and quantification

Bright-field and fluorescence images from immunostained slides of
control, proton, and 56Fe-ion groups were captured at the same setting
using cellSense imaging software, respectively. Finally, all images were
saved as a TIFF file and 10 or more digitalized images from each group
were used for either signal intensity or the number of positive nuclei/
high per field (HPF) using Fiji (Image-J) software package (Schindelin
et al., 2012).
4.5. Statistical analysis

All quantitative data were expressed as mean � standard error of the
mean (SEM). Statistical differences between irradiated vs. control and
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between irradiated groups (proton vs. 56Fe) were analyzed using student
paired sample t-test. Data analysis was performed using GraphPad Prism
6.0 for Mac (GraphPad Software, La Jolla, CA).
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