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Abstract: Particle therapy (PT) that utilizes protons and carbon ions offers a promising way to
reduce the side effects of radiation oncology, especially in pediatric patients. To investigate the
influence of PT on growing bone, we exposed an organotypic rat ex vivo femur culture model to
PT. After irradiation, histological staining, immunohistochemical staining, and gene expression
analysis were conducted following 1 or 14 days of in vitro culture (DIV). Our data indicated a
significant loss of proliferating chondrocytes at 1 DIV, which was followed by regeneration attempts
through chondrocytic cluster formation at 14 DIV. Accelerated levels of mineralization were observed,
which correlated with increased proteoglycan production and secretion into the pericellular matrix.
Col2al expression, which increased during the cultivation period, was significantly inhibited by
PT. Additionally, the decrease in ColX expression over time was more pronounced compared to the
non-IR control. The chondrogenic markers BMP2, RUNX2, OPG, and the osteogenic marker ALPL,
showed a significant reduction in the increase in expression after 14 DIV due to PT treatment. It was
noted that carbon ions had a stronger influence than protons. Our bone model demonstrated the
occurrence of pathological and regenerative processes induced by PT, thus building on the current
understanding of the biological mechanisms of bone.

Keywords: organotypic bone slides; particle therapy; proton irradiation; carbon ion irradiation;
bone biology

1. Introduction

Radiation therapy (RT), together with chemotherapy and surgery, is one of the most
commonly used therapeutic tools to treat a wide range of malignancies [1]. However,
radiation also has adverse effects on bone, including disturbances in bone growth, osteo-
radionecrosis, pathologic fracture, and radiation-induced neoplasms [2]. Furthermore, a
clear dose-response relation exists, whereby higher doses lead to higher levels of toxicity,
which are more prevalent in growing as opposed to mature bone. Long-term follow-up
examinations revealed that pediatric oncology patients treated with RT suffer from major
growth disturbances. This includes the asymmetry of chest and ribs, scoliosis, kyphosis,
pain at the radiation site, leg-length inequality, and in some cases the development of
secondary tumors [3,4].

Postnatal bone development is accomplished through endochondral ossification when
growth plate chondrocytes undergo a highly organized and structured differentiation and
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maturation process. Here, the chondrocytes mature from a resting to a proliferation state
and finally become hypertrophic, which ends in cell death and matrix calcification [5]. This
highly complex process is subject to tight regulation by transcription factors, cytokines and
extracellular matrix proteins. In the differentiation of mesenchymal cells into chondrocytes
or osteoblasts, transcription factors such as runt-related transcription factor 2 (Runx2), in
particular, play a crucial role in ensuring the binding and differentiation of mineralizing
cells. In addition, the expression of Runx2 in pre-hypertrophic chondrocytes is necessary to
promote terminal hypertrophy [6].

In the cartilaginous extracellular matrix (ECM) of the growth plate, type 2 collagen
alpha 1 chain (Col2«1) forms a network with proteoglycan. This matrix of cartilage is able
to bind growth factors, hyaluronic acid, and other molecules in response to mechanical
stress or in order to maintain physiological homeostasis [7]. To allow bones to grow
longitudinally, chondrocytes use their ability to increase their cell volume 10-fold before
going into apoptosis [8]. Once they become hypertrophic, chondrocytes secrete collagen
type 10 (ColX) into the ECM, which is a key marker used to detect chondrocyte hypertrophy [9].

After exposing growing bone to radiation, radiation-induced acute cell death, pro-
liferative arrest, and accelerated differentiation and maturation of chondrocytes occurs,
which are then subsequently lost for the ongoing bone elongation process [10-12]. Particle
therapy (PT) with protons or carbon ions (C-ions) for bone tumors, can improve this local
control mechanism and increase patient survival rates [13], therefore representing an es-
sential therapeutical option. The main argument for proton irradiation (IR) compared to
conventional photon therapy (X-ray) is its dosimetric ballistics, i.e., the dose rises sharply
at a well defined depth (Bragg peak) and falls rapidly beyond this maximum. In this way, a
highly conformal high-dose region can be tailored to cover the target volume with high
precision, while reducing the burden on surrounding healthy tissue [14]. C-ions have a
higher linear energy transfer (LET), contributing to higher relative biological effectiveness
(RBE). As a result, it is generally considered the most efficient treatment for radioresistant
bone tumors [15].

Although the side effects of clinical PT use are well known, there is a lack of compre-
hensive preclinical research providing a better understand of the basic cellular radiation
response mechanisms. Commonly, research relies on methods like conventional in vitro
two-dimensional (2D) cell culture or animal studies to explore the research question. Two-
dimensional cell cultures are fast, cost-effective and have high-throughput testing, thus
representing a fundamental tool in basic research. However, the gathered data are of-
ten not representative of a complex biological system, therefore requiring further in vivo
animal studies. To overcome the challenge of poor translation and to adhere to the 3Rs
(“Reduce, Refine and Replace”) of animal studies, 3D organotypic cultures (OTCs) have
been developed. With the development of such ex vivo organotypic bone cultures, which
mimicked in vivo biological conditions, a new methodology for bone regeneration study
was achieved [16,17]. In this study, we aimed to establish and characterize the effects of
proton and C-ion IR on an ex vivo proximal femur OTCs from Sprague Dawley rats using
histology, immunohistochemistry, and gene expression analysis.

2. Materials and Methods
2.1. Experimental Design

For the preparation of 300 um ex vivo bone slices, femurs were taken from 4-day-old
Sprague Dawley rats. Slices underwent 8 Gy proton or C-ions IR. After 1 and 14 days
of in vitro (DIV) cultivation, bones slices were harvested for subsequent analysis. The
workflow is presented in Figure 1a. To ensure the robustness and reliability of the obtained
results, experiments were conducted the experiment 4 times for gene expression analysis
(16 rat pups in total) and 3 times for histological and immunohistochemistry staining (12 rat
pups in total) with 3 sections per OTC at different dorso-ventral depths.
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Figure 1. Workflow and respective zones for histological and immunohistochemistry analysis.
(a) Femurs of 4-day-old Sprague Dawley rats were used for the preparation of the 300 pm ex vivo
bone cultures. Bone cultures underwent either 8 Gy proton or C-ions IR followed by 1 or 14 DIV
cultivation. (b) To assess the influence of the radiation on endochondral ossification, epiphysis
was divided based on the underlying stage of chondrocyte maturation and differentiation into the
transition zone (TZ), middle zone (MZ), and deep zone (DZ).

2.2. Preparation and Culturing of Ex Vivo Organotypic Bone Slice Culture (OTCs)

Rat femurs were quickly explanted, washed in ice-cold Dulbecco’s phosphate-buffered
saline (DBPS) (Thermo Fisher Scientific, Waltham, MA, USA) and processed into an agar
block. Next, 300 pm coronal bone slices were produced with an VT1000 Leica vibratome
(Leica Biosystems, Wetzlar, Germany) according to the manufacturer’s instructions, under
buffered conditions using ice-cold 1x DPBS (Thermo Fisher Scientific) and a stainless-steel
razor blade (Gillette Procter & Gamble, Cincinnati, OH, USA) at an amplitude of 1.5 mm
and sectioning speed of 0.06 mm/s using a consistent blade angle. Afterwards, the sample
was gently washed in minimum essential medium eagle (MEM) (Sigma-Aldrich, St. Louis,
MO, USA) supplemented with penicillin (100 U/mL) and streptomycin (100 ug/mL)
(Invitrogen, Thermo Fisher Scientific) for 30 s and transferred into 6-well plates containing
a Millicell cell culture 30 mm insert with pore size 0.4 um (MERCK KGaA, Darmstadlt,
Germany) for subsequent cultivation. Each well was supplemented with 1 mL of osteogenic
medium containing MEM with 5% horse serum (Invitrogen, Thermo Fisher Scientific),
1% penicillin/streptomycin, 1 x Insulin-Transferrin—Selenium (Gibco, Invitrogen, Waltham,
MA, USA), 100 uM ascorbic acid, 10 mM (-glycerophosphate (both Sigma-Aldrich, St. Louis,
MI, USA), 10nM dexamethasone (Stemcell Technologies, Vancouver, BC, Canada), and
0.01 pg/mL TGFp-3 (Thermo Fisher Scientific). On a daily basis, 500 pL of medium was
replaced with fresh medium. Six-well plates were incubated in a humidified atmosphere at
37 °C with 5% CO;. Slices were analyzed on 1 DIV and 14 DIV.

Male and female adult Sprague Dawley rats were obtained from Charles Rivers,
housed and bred under standard conditions with 12 h:12 h light-dark cycle and ad libitum
access to food and water in the animal facility of Biomedical Research (BMF) at the Medical
University Graz in accordance with §25 of Animal Testing Act 2012 (TVG 2012).
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2.3. Physical Parameters of Irradiation (IR)

All IR experiments were conducted at Med Austron, the Austrian center for ion therapy
and research that relies on synchrotron technology [18]. Within the experimental research
room, a horizontal beam line equipped with active spot scanning technique and active
energy variation for both proton and C-ions was used. The precise and standardized
positioning of samples embedded in measurement phantoms was made possible by uti-
lizing a high precision robot couch and a laser positioning system. For the proton IR, a
treatment plan was created using a 4 cm spread-out Bragg peak (SOBP) and a field size of
17 x 9 cm?, with the assistance of the RayStation v7.99 treatment planning system (TPS)
from RaySearch Laboratories (Stockholm, Sweden). The dose calculation was performed
using a Monte Carlo v4.3 dose engine [19]. The maximum proton energy employed was
124.7 MeV, resulting in a range of 101.2 mm at a 80% dose level in water. Likewise, the C-ion
IR involved a treatment plan with a 4 cm SOBP, using the same field sizes, TPS, and dose
engine. The maximum C-ion energy utilized was 238.6 MeV /u, with a range of 101.1 mm
at the 80% dose level in water. Ripple filters were applied to ensure a flat SOBP. The energy
layers for both types of particles were spaced either 1 mm or 2 mm apart. The radiation
delivery technique employed was pencil beam scanning, and no range shifters were used
to modify the beam. The linear energy transfer (LET) values for both proton and C-ion
IR were directly determined from the TPS using Monte Carlo calculations. Subsequently,
bone slices of the right leg were irradiated with either 8 Gy of proton or 8 Gy of C-ions,
while the bone slices of the corresponding left leg remained unirradiated, serving as control
samples. The selection of the 8 Gy dosage was made to effectively demonstrate its impact
on postnatal bone elongation within the proximal femur epiphysis.

2.4. Tissue Processing for Histological Evaluation and Analyzes

The bone slices were fixed in 4% paraformaldehyde (PFA; MERCK KGaA) using
2 mL per slice, and left overnight at 4 °C. Subsequently, the fixed slices were embedded in
paraffin without decalcification using a VIP 5E-F2 Tissue Processor (Sakura, Tokyo, Japan).
Serial sections of 5 um thickness were obtained using the Microtome HM 360 rotation
microtome (Hyland Scientific GmbH, Berlin, Germany). For histological staining and
immunohistochemistry, the sections underwent overnight incubation at 60 °C, followed by
de-paraffinization and rehydration processes. Whole object slides were scanned with an
Aperio ScanScope (Leica Biosystems, Wetzlar, Germany), and the images were acquired
using Image Scope software (v12.4.0.50.43; Leica Biosystems, Deer Park, IL, USA). Mor-
phological changes were assessed through H&E staining, while tissue architecture analysis
was carried out using Movat’s Pentachrome staining. The staining process involved the
following steps: de-paraffinized and rehydrated bone sections were stained with a 0.1%
Alcian blue solution (CarlRoth, Karlsruhe, Germany) and then stabilized in 10% alkaline
ethanol (CarlRoth). Subsequently, staining was performed with Weigert’s iron hematoxylin
(A + B 1:1, CarlRoth), brilliant crocein (Sigma-Aldrich, St. Louis, MI, USA), and acid
fuchsin (CarlRoth) solutions. The sections were differentiated with phosphotungstic acid
(CarlRoth) and finally stained with Gatinais saffron staining (Chroma-Waldeck, Miinster,
Germany) to complete the protocol. The various structures in the stained sections were
represented by different colors: cell nuclei appeared black, cytoplasm appeared reddish,
elastic fibers appeared red, collagen connective tissue appeared light yellow, mineralized tis-
sue/bone appeared bright yellow, and mineralized cartilage appeared green, as previously
demonstrated by Sun et al. [20].

2.5. Immunohistochemistry (IHC) Staining

To gain further knowledge on the distribution of the extracellular matrix proteins,
as well as chondrogenesis and osteogenesis markers, IHC was performed with the kit
Ultra Vision LP/HRP rabbit/mouse (Epredia, Kalamazoo, MI, USA). Antigen retrieval
was performed with either 1 mM EDTA (pH 8.0) or 10 mM sodium citrate buffer (pH 6.0)
with 0.05% Tween-20. After 0.3% hydrogen peroxidase (H,O,) and protein block, primary
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antibodies Col2«1 (1:300, Invitrogen), ColX (1:100, Invitrogen), BMP-2 (1:100, Invitrogen),
Runx2 (1:100, Abcam, Cambridge, UK), OPG (1:250, Abcam), and SPP1 (1:250, Novus
biologicals, Littleton, CO, USA) were incubated over night at 4 °C. Primary antibodies
from mice required a bridging step, before all sections were incubated with HRP-enzyme.
Positive staining was developed with the AEC Substrate kit (Abcam) followed with a
hematoxylin counter stain.

2.6. RNA Preparation and Reverse Transcription Polymerase Chain Reaction (RT-PCR)

After IR, the bone slices were cultured for 1 and 14 DIV, respectively. After these time
frames, the bone slices were shock frozen in liquid nitrogen and tissue pulverization was
achieved with mortar and pestle on dry ice with liquid nitrogen. Total RNA was isolated
using the RNeasy Mini Kit and DNase-I treatment according to the manufacturer’s manual
(Qiagen, Hilden, Germany). Two pug RNA were reverse transcribed with the iScript-cDNA
Synthesis Kit (BioRad Laboratories Inc., Hercules, CA, USA) using a blend of oligo(dT)
and hexamer random primers. Amplification was performed with the SsoAdvanced
Universal SYBR Green Supermix (Bio-Rad Laboratories Inc.) using technical triplicates
and measured by the CFX96 Touch (BioRad Laboratories Inc.). Results were analyzed
using the CFX manager software (version 3.1) for CFX Real-Time PCR Instruments (Bio-
Rad Laboratories Inc.). Next, quantification cycle values (Ct) were exported for statistical
analysis. Results with Ct values greater than 32 were excluded from the analysis. The
relative quantification of expression levels was obtained by the AACt method based on the
geometric mean of the internal controls hypoxanthine phosphoribosyltransferase 1 (HPRT)
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), respectively. The expression
level (Ct) of the target gene was normalized to the reference genes (ACt); the ACt of the
test sample was normalized to the ACt of the control (AACt). Finally, the expression ratio
was calculated with the 2722Ct method. The sequences of all primers used are listed in the
Supplementary Table S1.

2.7. Data Presentation and Statistical Analyses

The results are presented as the mean + SEM of independent variables, each ob-
tained from quantification in at least four experimental replicates. Statistical analyses were
performed using IBM SPSS Statistic 26 (version 6, New York, NY, USA) and GraphPad
InStat software (GraphPad Prism 9.3.1 (471), Boston, MA, USA). The normality of the data
was assessed using the Kolmogorov—-Smirnov test. As the data distribution in all samples
significantly deviated from normal distribution, non-parametric tests were used to test the
statistical significance of the observed differences. Single comparisons were analyzed using
the Mann-Whitney U-Test, while multiple comparisons were tested with Kruskal-Wallis H
test followed by pairwise analysis with Bonferroni correction. A difference with p < 0.05
was considered statistically significant in all statistical assessments.

3. Results
3.1. Morphological Changes on Endochondral Ossification Epiphysis after Particle Irradiation

The postnatal distal epiphysis was divided into three distinctive zones—transition
zone (TZ), middle zone (MZ) and deep zone (DZ)—depending on the maturation and
differentiation stage of chondrocyte and their cell organization (Figure 1b). To examine the
effect of radiation on endochondral ossification, ex vivo bone cultures with their respective
controls after 1 and 14 DIV cultivation were histologically analyzed with H&E and Safranin-
O/Fast Green staining (Supplementary Figure S1). To ensure a direct comparison between
protons and C-ions, a dose of 8 Gy was selected for both particle types.

H&E staining was performed to assess the radiation-induced morphological changes
in ex vivo bone cultures (Figure 2). One day after IR, the presence of randomly distributed
pre-hypertrophic chondrocytes within the TZ of bone cultures exposed to 8 Gy proton
IR were compared to the respective non-IR controls. Within the MZ for both, proton and
C-ions IR, a profound loss of proliferating chondrocytes was witnessed and replaced by
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8 Gy proton Non-IR control

8 Gy C-ions

pre-hypertrophic and hypertrophic chondrocytes. Moreover, chondrocytes in the DZ were
not affected after 1 DIV cultivation. After 14 DIV, the effects of IR could be observed
and were most pronounced in chondrocytes within the MZ. Bone cultures exposed to
8 Gy proton IR became pre-hypertrophic and/or hypertrophic and arranged into columns.
This is usually a characteristic for the DZ and necessary for the bone elongation process.
After C-ions IR, chondrocytes generally increased in size, formed isogenic groups, but also
became pre-hypertrophic within these groups.

1 day cultured 14 days cultured

Transition Zone (TZ)

Middle Zone (MZ)

Deep Zone (DZ) Transition Zone (TZ)  Middle Zone (MZ) Deep Zone (DZ)

ek
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Figure 2. Radiation alters endochondral ossification processes. Respective images of hematoxylin
and eosin (H&E) staining from ex vivo bone cultures exposed to either 8 Gy proton or C-ions IR with
their respective controls followed by subsequent 1 and 14 DIV cultivation. Colored squares represent
the transition zone (TZ, yellow), middle zone (MZ, red), and deep zone (DZ, blue).Total animals
used for the histological and IHC analysis were 12 and 3 sections per OTC at different dorso-ventral
depths were stained at the same time. Scale bar = 150 um.

3.2. Particle Irradiation Affected Endochondral Ossification

Movat’s pentachrome staining was performed to assess the process of endochondral
ossification after IR and subsequent in vitro cultivation (Figure 3). No profound differences
were observed after the 1 DIV cultivation of the radiated bone compared to the non-IR
controls. After 14 DIV, bone cultures exposed to proton IR exhibited tissue mineralization
(bright yellow) within the TZ compared to the respective control. On the contrary, cartilage
is the predominant tissue within C-ions IR bone cultures (green). In the MZ, cartilage
(green) is predominantly presented after proton IR, whereas C-ions IR cultures had a similar
distribution as seen in the control. Both IR types revealed an increased mineralization
of the cells (bright yellow) next to the zone of Ranvier in the MZ. Proton IR provoked
a more intense cartilage staining within the DZ, while C-ions IR triggered a reduction
(Figure 3 D). Notably, mineralized cells within the MZ of 14 DIV were positively stained for
proteoglycans. Here, both IR types exhibited more cells intensely stained for proteoglycans
than the control (Supplementary Figure S2).
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Non-IR control
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Transition Zone (TZ) Middle Zone (MZ) Deep Zone (DZ)

Transition Zone (TZ) Middle Zone (MZ) Deep Zone (DZ)

e LS -

Figure 3. Effect of radiation on tissue development and mineralization. Representative images of
Movat’s pentachrome staining of ex vivo bone cultures exposed to either 8 Gy proton or C-ions IR
with their respective controls followed by subsequent 1 and 14 DIV cultivation. Colored squares
represent transition zone (TZ, yellow), middle zone (MZ, red) and deep zone (DZ, blue). Cellular
structures were stained as follows: cell nuclei (black), cytoplasm (reddish), elastic fibers (red), collagen
connective tissue (light yellow), mineralized tissue/bone (bright yellow), mineralized cartilage
(green). Total animals used for the histological and IHC analysis were 12 and 3 sections per OTC at
different dorso-ventral depths were stained at the same time. Scale bar = 150 um.

3.3. Effect of Particle Irradiation on Extracellular Matrix (ECM) Composition

To gain further understanding on the variation of tissue composition observed with
the respective zones, Movat’s pentachrome staining was undertaken. Next, the expressions
of Col2«1 and ColX by IHC as well as their gene expressions were analyzed (Figure 4).
Respective IHC controls are presented in the Supplementary Figure S3. An overview of the
distal epiphysis revealed progressive endochondral ossification within the in vitro culti-
vation frame, indicated by mineralization of cartilage forming a ring within the epiphysis
excluding the later secondary ossification center (green). Pronounced mineralized bone
was observed towards the later articular cartilage (bright yellow). Moreover, radiated bone
slices also exhibited areas of mineralized bone within the TZ at 14 DIV. At this time point,
collagen connective tissue was observed at the area, becoming the secondary ossification
center (light yellow-greenish staining) (Figure 4a).

With regard to Col2«1, only moderate staining was observed within the columnar
zone of the DZ and towards the later secondary ossification center at 1 DIV (Figure 4b).
This increased profoundly during the cultivation period. At 14 DIV, the Col2xl spread
from the center of the epiphysis towards the MZ and DZ. Here, the control slices ex-
hibited the most positive stained area followed by C-ions and proton IR. This observa-
tion was also strengthened by the gene expression analysis. For all conditions, a highly
significant upregulation was observed from 1 DIV to 14 DIV (non-IR: 5.82 £ 4.3 ***;
proton: 5.33 £ 3.0 ***; C-ions: 2.92 + 1.3 ***). At 14 DIV, C-ions IR had a significant
impact of the Col2«1 expression compared to the non-IR controls (**) (Figure 4d).
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Figure 4. Effect of particle irradiation on extracellular matrix (ECM) composition. (a) Representative
epiphysis of Movat’s pentachrome staining exposed to either 8 Gy proton or C-ions IR with their
respective controls followed by subsequent 1 and 14 DIV cultivation. Cellular structures were
stained within Movat’s pentachrome as follows: cell nuclei (black), cytoplasm (reddish), elastic fibers
(red), collagen connective tissue (light yellow), mineralized tissue/bone (bright yellow), mineralized
cartilage (green). Scale bar = 500 um. (b,c) Chondrogenesis is marked by Col2a1 (committed
chondrocytes) and ColX (hypertrophic chondrocytes) and was analyzed with IHC staining. Total
animals used for the histological and IHC analysis were 12 and 3 sections per OTC at different dorso-
ventral depths were stained at the same time. Scale bar = 500 um. (d,e) gene expression of Col2x1
and ColX was analyzed by RT-PCR and the expression ratio was calculated with the 2722t method.
Results are presented as the mean & SEM; p < 0.001 (***) represent the significant differences among
day 1 non-IR controls (ctrl); p < 0.05 (#), p < 0.01 (##), and p < 0.001 (###) represent the significances
among the 14-day samples. (n.s.) means non-significant differences. In total, 16 animals were used in
the gene expression analysis.



Cells 2023, 12, 2301

9of 15

Chondrocyte hypertrophy is essential for bone elongation and is marked by the ECM
protein ColX. At 1 DIV, the control and proton IR slices exhibited moderately positive stain-
ing of the inter-territorial matrix of hypertrophic chondrocytes within the DZ (Figure 4c).
The height of hypertrophic area is decreased after proton IR. Within C-ions, radiated bone
slices ColX is confined within the chondrocytes and is not yet secreted to the ECM at
this early time point. After 14 DIV, a profound increase in ColX staining intensity was
observed within all conditions. However, PT led to a lower extent of the hypertrophic
area. Notably, at the site of calcification, the proton radiated bone slices demonstrated
an intensely positive ColX staining. Moreover, the gene expression data demonstrated a
decrease in ColX expression due to radiation at 1 DIV with a highly significant decrease in
gene expression from 1 DIV to 14 DIV for all conditions, respectively (non-IR: 0.14 &+ 0.1 ***;
proton: 0.04 £ 0.1 ***; C-ions: 0.01 & 0.01 ***). At 14 DIV, a significant difference was
observed between the control and proton IR (*) and C-ions (***) (Figure 4e).

3.4. Cartilage Regeneration and Progression of Chondrocyte Maturation under the Influence of
Particle Irradiation

Next, cartilage regeneration and the progression of chondrocyte maturation (chondroge-
nesis) were investigated. Bone morphogenetic protein 2 (BMP-2), Runx-2, and osteoprotegerin
(OPG) were analyzed by IHC as well as gene expression by RI-PCR. Overview images of
the respective zones in a higher magnification are presented in the Supplementary Figure 54
(BMP-2), Figure S5 (Runx2), and Figure S6 (OPG).

BMP-2 is known to induce chondrogenesis as well as promote endochondral ossifi-
cation, and was used to assess the regeneration potential. Only a light positive staining
was observed within the TZ, MZ, and DZ for all conditions at 1 DIV (Figure 5a). This
was especially the case after C-ions IR, as a loss of positive staining was observed within
these regions. After 14 DIV, chondrocytes were more intensely stained for BMP-2 under all
conditions. Within the TZ, a reduction in positive staining was observed due to C-ions IR.
A decrease in positive chondrocyte staining was observed within the MZ and DZ for both
PT conditions, respectively. Interestingly, the BMP-2 gene expression revealed a significant
upregulation at 1 DIV after proton IR (4.76 £ 4.9 *) and a significant downregulation after
C-ions IR (0.74 £ 0.3 **) (Figure 5d). For all conditions, a significant upregulation after
14 DIV was observed (non-IR: 9.98 + 4.2 ***; proton: 6.33 &+ 3.8 ***; C-ions: 2.75 + 2.3 *).
Although gene expression is upregulated during the duration of cultivation, proton IR (¥)
and C-ions IR (***) after 14 DIV caused a significant downregulation of BMP2 (Figure 5d).

We then proceeded to analyze Runx2, a transcription factor that is essential in promot-
ing the terminal hypertrophy of chondrocytes. At 1 DIV, a decreased positive staining of
the chondrocytes within the TZ and MZ was observed due to PT (Figure 5b). While proton
IR had no effect on the positive staining of chondrocytes within the DZ, for C-ions IR, an
increase in Runx2 positive chondrocyte staining was observed. At 14 DIV, a decreased
staining due to PT was observed within the TZ and MZ. Here, positive stained chondro-
cytes were randomly distributed and lost their organized structure, as seen in the non-IR
control. In the DZ, no profound difference of Runx2 staining after PT was observed. PT
had a significant impact on the Runx2 gene expression at 1 DIV (proton: 0.65 & 0.3 ***;
C-ions: 0.64 £ 0.3 ***). After the 14 DIV gene expression was upregulated for all conditions
(non-IR: 4.69 + 5.9 **; proton: 1.76 & 1.6; C-ions: 1.04 £ 0.5). Runx2 gene expression was
significantly downregulated due to PT at 14 DIV (proton: *; C-ions: **) (Figure 5e).

At 1 DIV, chondrocytes positively stained for OPG were restricted to the TZ and
MZ of the control, while they are found throughout the epiphysis (TZ, MZ, and DZ)
due to PT (Figure 5c). After 14 DIV, a decrease in staining was observed in the TZ, but
an increase in the DZ and bone marrow. Detailed images of all zones are shown in
Supplementary Figure S5. OPG gene expression analysis revealed no significant differences
at 1 DIV due to PT. At 14 DIV, a significant upregulation for all conditions was observed
(non-IR: 8.21 £ 6.0 ***; proton: 9.84 + 3.4 ***; C-ions: 5.41 & 1.65 ***). A significant reduction
in OPG gene expression was seen due to C-ions IR (*) (Figure 5f).
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Figure 5. Cartilage regeneration and radiation influence chondrogenesis. (a—c) Representative images
of THC staining of ex vivo bone cultures exposed to either 8 Gy proton or C-ions IR with their
respective control. BMP-2, Runx2, and OPG marking different regeneration and maturation processes.
Total animals used for the histological and IHC analysis were 12 and 3 sections per OTC at different
dorso-ventral depths were stained at the same time. Scale bar = 500 um. (d—f) Gene expressions of
BMP-2, Runx2, and OPG were analyzed by RT-PCR and the expression ratio was calculated with
the 2722t method. Results are presented as the mean + SEM; p < 0.05 (*), p < 0.01 (**), and
p <0.001 (***) represent the significant differences among the day 1 non-IR controls (ctrl); p < 0.05 (#),
p < 0.01 (##), and p < 0.001 (###) represent the significances among the 14 days samples. (n.s.) means
non-significant differences. In total, 16 animal were used in the gene expression analysis.

Osteogenesis was analyzed with the IHC of mature osteoblast marker osteopontin
(SPP1) as well as gene expression analysis of SPP1 and alkaline phosphatase (ALPL). At
1 DIV, a light positive staining of SPP1 within the periosteum after PT was observed
(Figure 6a). At 14 DIV the periosteum was intensely positive stained within all conditions.
The gene expression levels further revealed a highly significant downregulation of SPP1 due
to the proton IR at 1 DIV (0.61 £ 0.3 ***). During the 14 DIV, all conditions were observed to
be highly upregulated (non-IR: 11.66 £ 8.8 ***; proton: 14.81 £ 6.2 ***; C-ions: 10.5 £ 7.2 **);
however no significant differences due to PT were detected (Figure 6b). At 1 DIV, IR
induced significant downregulation of ALPL gene expression (proton: 0.57 £ 0.3 ***; C-ions:
0.69 £ 0.2 ***) (Figure 6¢). According to the progression of osteogenesis, ALPL expression
significantly increased after 14 DIV, whereas the PT inhibited the expression (non-IR:
2.62 & 1.2 **; proton: 1.28 £ 0.7; C-ions: 1.40 £ 1.1). Compared to the non-IR control, a
significant reduction by proton (***) and C-ions IR (**) was observed.
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Figure 6. Influence of radiation on osteogenesis. (a) Representative images of osteopontin (SPP1)
IHC staining of ex vivo bone cultures exposed to either 8 Gy proton or C-ions IR with their respective
control. Total animals used for the histological and IHC analysis were 12 and 3 sections per OTC at
different dorso-ventral depths were stained at the same time. Scale bar = 500 um. Gene expression of
(b) SPP1 and (c) ALPL was analyzed by RT-PCR and the expression ratio was calculated with the
2-AACt method. Results are presented as the mean + SEM; p < 0.001 (***) represent the significant
differences among day 1 non-IR controls (ctrl); p < 0.01 (##), and p < 0.001 (###) represent the
significances among the 14-day samples. (n.s.) means non-significant differences. In total, 16 animals
were used in the gene expression analysis.

4. Discussion

Radiation therapy (RT) is one of the gold standard treatment methods for malignant
tumors [1]. Common side effects include skin redness, hair loss, radiation burns, or acute
radiation syndrome [21]. Due to its special physical and biological characteristics, particle
therapy (PT) enables a more targeted application of the high-energy radiation to the tumor,
while protecting the surrounding tissue as much as possible [19]. Within the so-called
“Bragg peak”, the accelerated particles discharge most of their energy capacity directly
into the target tissue [22]. While protons deliver all of their energy within the Bragg peak,
C-ions undergo fragmentation and only deliver a fraction of dose to the distal tissue [23].
Furthermore, C-ions possess an elevated RBE, which is related to the higher LET, i.e,,
the higher ionization density and track structure of secondary particles resulting from
interactions after IR [24]. Although PT is both more complex and significantly expensive,
the advantages offered to the adjacent healthy tissue and/or tumor tissue contribute to
PT becoming the preferred irradiation methods for numerous radioresistant and pediatric
tumors [21]. In clinical practice, the particles are applied in the following dosages: 70 Gy
in 35 fractions at 2 Gy RBE/fraction (proton IR) and 70.4 Gy in 16 fractions at 4.4 Gy
RBE/fraction (C-ions). The irradiation of cells or bones for research purposes is typically
performed with doses of 2 Gy, 4 Gy, or 8 Gy for both proton and C-ion irradiation. Due to
the limited availability of irradiation time for research, which is usually limited to weekends
when the particle accelerator is not required for patients, the 8 Gy dosage was chosen in
this particular case to clearly demonstrate the effects being investigated.

A fundamental concern when treating pediatric patients is the ongoing process of
endochondral ossification, as well as post-irradiation complications, which can occur for
both RT or PT [25]. While the adverse lifelong effects of RT on the growth plate (GP) have
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been well described [10,11,26], those of PT on GP have not been investigated to date. This
is due to the limited availability of adequate research infrastructure. It is well described
that RT has numerous adverse effects on growing bone and skeletal development. Post-IR
complications include growth arrest, growth retardation, fracture, or osteoradionecrosis and
are seen with doses as low >15 Gy; however, the most clinically relevant measurable effects
are seen at doses beyond 30 Gy [26]. We observed a severe loss of proliferating chondrocytes
within the TZ after one single dose of PT (8 Gy proton or C-ions IR) at 1 DIV. After 14 DIV,
proliferating cells within the TZ of PT cultures seemed to undergo a recovery process with
the appearance of chondrocytic clones and extensive ECM-PG production and secretion,
which surrounded these cell clusters. Furthermore, the increased mineralization of the
inter-territorial matrix between these cells and within the TZ was observed. This might
indicate an attempt to restore functional elongation after the loss of normal proliferative
chondrocyte due to PT. Hartley et al. [27] and Mizumoto et al. [28] both identified that age as
well as the radiation dose had a profound impact on the severity of bone growth implication.
In order for bone elongation to take place, chondrocytes must undergo constant mitotic
division to replenish the diminishing pool of hypertrophic chondrocytes. This high mitotic
activity leaves the growth plate especially vulnerable [10,25]. To analyze the radiosensitivity
of GP chondrocytes, Marguliese et al. [29] exposed proliferating chondrocytes to serial
radiation doses in vitro. They found a dose-dependent negative effect, e.g., a decrease in
proliferation, with increases in cytotoxicity, apoptosis and a disturbance of cell synthetic
activity. Horton et al. [10] demonstrated a similar observation after a single 17.5 Gy
X-radiation dose. They concluded that this increased proliferative expanse with accelerated
ECM synthesis is the primary mode through which bone elongation is re-established after
IR. We also observed ECM-specific changes due to PT. The hypertrophic chondrocyte
marker ColX was significantly reduced due to PT within the IHC and the gene expression
analysis. On the contrary, Col2«1 increased within the IHC and the gene expression studies
underlying the altering effect of PT on postnatal bone growth.

While the BMP family are major regulators during cartilage development and bone
growth, BMP-2 is particularly important for ongoing developmental processes [5]. We
noted an initial decrease in positive BMP-2 and Runx2 staining due to PT after 1 DIV.
At 14 DIV, only a profound increase for BMP-2 staining was observed, while PT had a
limiting effect. For Runx2, at 14 DIV, only an increase within the non-IR bone slices was
noted. IHC data further correlated with the gene expression analysis for BMP-2 and Runx2.
Keller et al. [30] found that the reduced BMP-2 signaling within the postnatal GP led to
decreased chondrocytes’ proliferation and the shortening of pre-hypertrophic and hyper-
trophic zones. Studies on BMP expression in postnatal GP (7-day-old rats) conducted
by Garrison et al. [31] and Nilsson et al. [32] demonstrated an expression gradient for
BMP-2 within the GP. They suggest that, while BMP-2 will stimulate chondrocyte prolifera-
tion within the MZ, it will initiate hypertrophic differentiation in the pre-hypertrophic zone.
BMP-2 signaling can downstream induce the transcription factor Sox9 or Runx2. Whereas
Sox9 will lead MSCs to differentiate towards proliferating chondrocytes, Runx2 will initiate
pre-hypertrophic chondrocytes to mature into terminal hypertrophic chondrocytes [33,34].
Our data suggest that growth defects after PT may be due to the decreased BMP-2 and thus
downstream Runx2 signaling. This suggests that there is a loss of MSCs which differentiate
into proliferating chondrocytes, as well as a loss of pre-hypertrophic chondrocytes, which
are responsible for bone elongation. This leads to the disruption or loss of bone elongation,
resulting in growth abnormalities.

Bone homeostasis is achieved by osteoblast, which deposit osteoid and ensure bone
formation, and osteoclasts, which resorb bone [35]. An imbalance between osteoclast and
osteoblast numbers and activity after RT is thought to be one reason for the observed
weaker bone structures with increased rates of necrosis or fractures [36]. Therefore, we
studied the effects of PT on osteoclast and osteoblast activation and function. Osteoclast
activity is regulated through the OPG/RankL signaling pathway. While OPG prevents
osteoclast activation, the binding of RankL stimulates their activation [37]. We found that
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although OPG staining was not as widely distributed within the epiphysis, the staining
intensity profoundly increased at 14 DIV. This finding was confirmed at the gene expression
level, especially after C-ion IR, in turn causing a highly significant reduction in the OPG
expression. Studies found that the OPG produced by hypertrophic chondrocytes is central
for the differentiation of osteoclasts/chondroclasts [38—40]. In our OTCs, PT had no effect
on the development of osteoblasts. However, we found that this was due to the PT gene
expression of ALPL being significantly downregulated after 14 DIV. This is in line with the
results of other studies, demonstrating that even though osteoblast numbers remain stable
most of the time, the functionality of osteoblasts, e.g., osteoid production and mineralization
process, is affected due to IR [36,41-43].

5. Conclusions

In conclusion, our organotypic ex vivo culture of femoral slices provides an excel-
lent method to study pathology and the corresponding regeneration processes after PT
in vivo. We observed a significant decline in proliferating chondrocytes at 1 DIV, followed
by attempts at regeneration through the formation of chondrocytic clusters at 14 DIV.
Furthermore, we noted accelerated mineralization, which correlated with the increased
production and secretion of proteoglycans into the pericellular matrix. The expression
of Col2u1, which increased during the cultivation period, was significantly inhibited by
PT. Moreover, compared to the non-IR control, the decrease in ColX expression over time
was more pronounced. Notably, the chondrogenic markers BMP2, RUNX2, OPG, and the
osteogenic marker ALPL showed a significant reduction in the increase in expression after
14 DIV as a result of PT. It is important to highlight that C-ions had a more pronounced
impact than protons. These novel findings will improve the understanding of cellular
radiobiological processes of PT, which will, in turn, contribute to an optimized therapy for
tumor patients.
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stained. Figure S2: Increased proteoglycan production due to radiation. Figure S3: Immunohis-
tochemistry controls. Figure S4: Inmunohistochemistry of bone morphogenetic factor 2 (BMP-2).
Figure S5: Immunohistochemistry of runt-related factor 2 (Runx2). Figure S6: Immunohistochemistry
of osteopotegerin (OPG).

Author Contributions: Conceptualization, V.E., B.L., and U.S.; methodology, V.E., D.G. (Dietmar
Glédnzer), N.E,, and B.L.; formal analysis, B.L.; investigation, V.E., D.G. (Dietmar Gldnzer), N.E.,
and B.L.; resources, A.L. and D.G. (Dietmar Georg); writing—original draft preparation, V.E. and
B.L.; writing—review and editing, V.E., A.L., D.G. (Dietmar Georg), and B.L.; visualization, V.E.;
supervision, B.L.; project administration, B.L.; funding acquisition, B.L. and D.G. (Dietmar Georg).
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Austrian Science Fond (FWF), P32103-B.

Institutional Review Board Statement: All animal procedures were conducted according to the
guidelines established by the Animal Care and Use Committees of the Medical University of Graz.
The Ethics Committee of the Medical Uni-versity of Graz decided that, in agreement with the
national laws, permission for sacrificing animals for organ preparation was not required. The trial
was approved by the institutional ethics and animal welfare committee and the national authority
according to § 25 of Animal Testing Act 2012 (TVG 2012).

Informed Consent Statement: Not applicable.

Data Availability Statement: All available data are presented in this article and the corresponding
supplementary data.

Acknowledgments: The authors thank Katharina Stasny, Anna Falkner, and Sandra Barna for techni-
cal support during the irradiation shifts. Furthermore, we thank our native speaker colleague James
Smith for proofreading our manuscript. Open Access Funding by the Austrian Science Fund (FWE).


https://www.mdpi.com/article/10.3390/cells12182301/s1
https://www.mdpi.com/article/10.3390/cells12182301/s1

Cells 2023, 12, 2301 14 0of 15

Conflicts of Interest: Dietmar Georg was employed by the Medical University of Vienna and
MedAustron. The authors declare that the research was conducted in the absence of any commercial
or financial relationships that could be construed as a potential conflict of interest.

References

1. Roebuck, D.J. Skeletal complications in pediatric oncology patients. Radiographics 1999, 19, 873-885. [CrossRef]

2. Mitchell, M.].; Logan, PM. Radiation-induced changes in bone. Radiographics 1998, 18, 1125-1136. [CrossRef] [PubMed]

3. Paulino, A.C. Late effects of radiotherapy for pediatric extremity sarcomas. Int. J. Radiat. Oncol. Biol. Phys. 2004, 60, 265-274.
[CrossRef] [PubMed]

4. Emerzian, S.R.; Wu, T,; Vaidya, R.; Tang, S.Y.; Abergel, R.J.; Keaveny, T.M. Relative Effects of Radiation-Induced Changes in
Bone Mass, Structure, and Tissue Material on Vertebral Strength in a Rat Model. Bone Miner. Res. 2023. Online ahead of print.
[CrossRef] [PubMed]

5. Hallett, S.A.; Ono, W.; Ono, N. Growth Plate Chondrocytes: Skeletal Development, Growth and Beyond. Int. ]. Mol. Sci. 2019, 20,
6009. [CrossRef] [PubMed]

6. Chen, H.; Ghori-Javed, FY.; Rashid, H.; Adhami, M.D.; Serra, R.; Gutierrez, S.E.; Javed, A. Runx2 regulates endochondral
ossification through control of chondrocyte proliferation and differentiation. J. Bone Miner. Res. 2014, 29, 2653-2665. [CrossRef]
[PubMed]

7.  Aigner, T,; Stove, J. Collagens—Major component of the physiological cartilage matrix, major target of cartilage degeneration,
major tool in cartilage repair. Adv. Drug Deliv. Res. 2003, 55, 1569-1593. [CrossRef]

8.  Linsenmayer, T.F; Eavey, R.D.; Schmid, T.M. Type X collagen: A hypertrophic cartilage-specific molecule. Pathol. Immunopathol.
Res. 1988, 7, 14-19. [CrossRef]

9.  Alvarez, J.; Balbin, M.; Fernandez, M.; Lopez, ]. M. Collagen metabolism is markedly altered in the hypertrophic cartilage of
growth plates from rats with growth impairment secondary to chronic renal failure. J. Bone Miner. Res. 2001, 16, 511-524.
[CrossRef]

10. Horton, J.A.; Margulies, B.S.; Strauss, ].A.; Bariteau, ].T.; Damron, T.A.; Spadaro, J.A.; Farnum, C.E. Restoration of growth plate
function following radiotherapy is driven by increased proliferative and synthetic activity of expansions of chondrocytic clones.
J. Orthop. Res. 2006, 24, 1945-1956. [CrossRef]

11.  Damron, T.A.; Margulies, B.S.; Strauss, J.A.; O'Hara, K.; Spadaro, J.A.; Farnum, C.E. Sequential histomorphometric analysis of the
growth plate following irradiation with and without radioprotection. J. Bone Jt. Surg. Am. 2003, 85, 1302-1313. [CrossRef]

12.  Damron, T.A.; Horton, J.A.; Pritchard, M.R,; Stringer, M.T.; Margulies, B.S.; Strauss, J.A.; Spadaro, ].A.; Farnum, C.E. Histomor-
phometric evidence of growth plate recovery potential after fractionated radiotherapy: An in vivo model. Radiat. Res. 2008, 170,
284-291. [CrossRef]

13.  Guan, X;; Gao, J.; Hu, J.; Hu, W,; Yang, J.; Qiu, X.; Hu, C; Kong, L.; Lu, J.]. The preliminary results of proton and carbon ion
therapy for chordoma and chondrosarcoma of the skull base and cervical spine. Radiat. Oncol. 2019, 14, 206. [CrossRef] [PubMed]

14. Grau, C.; Durante, M.; Georg, D.; Langendijk, J.A.; Weber, D.C. Particle therapy in Europe. Mol. Oncol. 2020, 14, 1492-1499.
[CrossRef] [PubMed]

15.  Durante, M.; Debus, ]. Heavy Charged Particles: Does Improved Precision and Higher Biological Effectiveness Translate to Better
Outcome in Patients? Semin. Radiat. Oncol. 2018, 28, 160-167. [CrossRef]

16. Srinivasaiah, S.; Musumeci, G.; Mohan, T.; Castrogiovanni, P.; Absenger-Novak, M.; Zefferer, U.; Mostofi, S.; Bonyadi Rad, E.;
Griin, N.G.; Weinberg, A.M.; et al. A 300 um Organotypic Bone Slice Culture Model for Temporal Investigation of Endochondral
Osteogenesis. Tissue Eng. C 2019, 25, 197-212. [CrossRef] [PubMed]

17.  Hayden, PJ.; Harbell, ].W. Special review series on 3D organotypic culture models: Introduction and historical perspective.
In vitro cellular & developmental biology. Animal 2021, 57, 95-103.

18.  Stock, M.; Georg, D.; Ableitinger, A.; Zechner, A.; Utz, A.; Mumot, M.; Kragl, G.; Hopfgartnerm, J.; Gora, J.; Bohlen, T.; et al. The
technological basis for adaptive ion beam therapy at Med Austron: Status and outlook. Z. Med. Phys. 2018, 28, 196-210. [CrossRef]

19. Ruangchan, S.; Knédusl, B.; Fuchs, H.; Georg, D.; Clausen, M. Experimental benchmarking of RayStation proton dose calculation
algorithms inside and outside the target region in heterogeneous phantom geometries. Phys. Med. 2020, 76, 182-193. [CrossRef]

20. Sun, Y.; Helmholz, H.; Willumeit-Rémer, R. Multicolor Histochemical Staining for Identification of Mineralized and Non-
Mineralized Musculoskeletal Tissue: Immunohistochemical and Radiological Validation in Decalcified Bone Samples.
Bioengineering 2022, 9, 488. [CrossRef]

21. Majeed, H.; Gupta, V. (Eds.) Adverse Effects of Radiation Therapy; StatPearls: Treasure Island, FL, USA, 2023.

22. Park, S.H.; Kang, J.O. Basics of particle therapy I: Physics. Radiat. Oncol. J. 2011, 29, 135-146. [CrossRef] [PubMed]

23. Kuess, P; Bohlen, T.T.; Lechner, W.; Elia, A.; Georg, D.; Palmans, H. Lateral response heterogeneity of Bragg peak ionization
chambers for narrow-beam photon and proton dosimetry. Phys. Med. Biol. 2017, 62, 9189-9206. [CrossRef] [PubMed]

24. Lohberger, B.; Glanzer, D.; Eck, N.; Stasny, K.; Falkner, A.; Leithner, A.; Georg, D. The ATR Inhibitor VE-821 Enhances the
Radiosensitivity and Suppresses DNA Repair Mechanisms of Human Chondrosarcoma Cells. Int. |. Mol. Sci. 2023, 24, 2315.
[CrossRef] [PubMed]

25. Pacheco, R.; Stock, H. Effects of radiation on bone. Curr. Osteoporos. Rep. 2013, 11, 299-304. [CrossRef] [PubMed]


https://doi.org/10.1148/radiographics.19.4.g99jl01873
https://doi.org/10.1148/radiographics.18.5.9747611
https://www.ncbi.nlm.nih.gov/pubmed/9747611
https://doi.org/10.1016/j.ijrobp.2004.02.001
https://www.ncbi.nlm.nih.gov/pubmed/15337565
https://doi.org/10.1002/jbmr.4828
https://www.ncbi.nlm.nih.gov/pubmed/37191221
https://doi.org/10.3390/ijms20236009
https://www.ncbi.nlm.nih.gov/pubmed/31795305
https://doi.org/10.1002/jbmr.2287
https://www.ncbi.nlm.nih.gov/pubmed/24862038
https://doi.org/10.1016/j.addr.2003.08.009
https://doi.org/10.1159/000157085
https://doi.org/10.1359/jbmr.2001.16.3.511
https://doi.org/10.1002/jor.20251
https://doi.org/10.2106/00004623-200307000-00017
https://doi.org/10.1667/RR1254.1
https://doi.org/10.1186/s13014-019-1407-9
https://www.ncbi.nlm.nih.gov/pubmed/31752953
https://doi.org/10.1002/1878-0261.12677
https://www.ncbi.nlm.nih.gov/pubmed/32223048
https://doi.org/10.1016/j.semradonc.2017.11.004
https://doi.org/10.1089/ten.tec.2018.0368
https://www.ncbi.nlm.nih.gov/pubmed/30834810
https://doi.org/10.1016/j.zemedi.2017.09.007
https://doi.org/10.1016/j.ejmp.2020.07.010
https://doi.org/10.3390/bioengineering9100488
https://doi.org/10.3857/roj.2011.29.3.135
https://www.ncbi.nlm.nih.gov/pubmed/22984664
https://doi.org/10.1088/1361-6560/aa955e
https://www.ncbi.nlm.nih.gov/pubmed/29059057
https://doi.org/10.3390/ijms24032315
https://www.ncbi.nlm.nih.gov/pubmed/36768638
https://doi.org/10.1007/s11914-013-0174-z
https://www.ncbi.nlm.nih.gov/pubmed/24057133

Cells 2023, 12, 2301 150f 15

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Krasin, M.J.; Constine, L.S.; Friedman, D.L.; Marks, L.B. Radiation-related treatment effects across the age spectrum: Differences
and similarities or what the old and young can learn from each other. Semin. Radiat. Oncol. 2010, 20, 21-29. [CrossRef] [PubMed]
Hartley, K.A,; Li, C,; Laningham, F.H.; Krasin, M.].; Xiong, X.; Merchant, T.E. Vertebral body growth after craniospinal irradiation.
Int. ]. Radiat. Oncol. Biol. Phys. 2008, 70, 1343-1349. [CrossRef]

Mizumoto, M.; Oshiro, Y.; Pan, H.; Wang, E; Kaste, S.C.; Gajjar, A.; Chemaitilly, W.; Merchant, T.E. Height after photon
craniospinal irradiation in pediatric patients treated for central nervous system embryonal tumors. Pediatr. Blood Cancer 2020, 67,
e28617. [CrossRef]

Margulies, B.S.; Horton, J.A.; Wang, Y.; Damron, T.A.; Allen, M.]. Effects of radiation therapy on chondrocytes in vitro. Calcif.
Tissue Int. 2006, 78, 302-313. [CrossRef]

Keller, B.; Yang, T.; Chen, Y.; Munivez, E.; Bertin, T.; Zabel, B.; Lee, B. Interaction of TGFf and BMP signaling pathways during
chondrogenesis. PLoS ONE 2011, 6, e16421. [CrossRef]

Garrison, P; Yue, S.; Hanson, ].; Baron, J.; Lui, ].C. Spatial regulation of bone morphogenetic proteins (BMPs) in postnatal articular
and growth plate cartilage. PLoS ONE 2017, 12, e0176752. [CrossRef]

Nilsson, O.; Parker, E.A.; Hegde, A.; Chau, M.; Barnes, K.M.; Baron, J. Gradients in bone morphogenetic protein-related gene
expression across the growth plate. J. Endocrinol. 2007, 193, 75-84. [CrossRef] [PubMed]

Chen, H.; Tan, X.N.; Hu, S.; Liu, R.Q.; Peng, L.H.; Li, YM.; Wu, P. Molecular Mechanisms of Chondrocyte Proliferation and
Differentiation. Front. Cell Dev. Biol. 2021, 9, 664168. [CrossRef] [PubMed]

Komori, T. Runx2, an inducer of osteoblast and chondrocyte differentiation. Histochem. Cell Biol. 2018, 149, 313-323. [CrossRef]
[PubMed]

Matsuoka, K.; Park, K.A.; Ito, M.; Ikeda, K.; Takeshita, S. Osteoclast-derived complement component 3a stimulates osteoblast
differentiation. J. Bone Miner. Res. 2014, 29, 1522-1530. [CrossRef]

Donaubauer, A.J.; Deloch, L.; Becker, L; Fietkau, R.; Frey, B.; Gaipl, U.S. The Influence of Radiation on Bone and Bone Cells-
Differential Effects on Osteoclasts and Osteoblasts. Int. J. Mol. Sci. 2020, 21, 6377. [CrossRef] [PubMed]

Nakamura, M.; Udagawa, N.; Matsuura, S.; Mogi, M.; Nakamura, H.; Horiuchi, H.; Saito, N.; Hiraoka, B.Y.; Kobayashi, Y.;
Takaoka, K.; et al. Osteoprotegerin regulates bone formation through a coupling mechanism with bone resorption. Endocrinology
2003, 144, 5441-5449. [CrossRef] [PubMed]

Xiong, J.; Onal, M.; Jilka, R.L.; Weinstein, R.S.; Manolagas, S.C.; O’Brien, C.A. Matrix-embedded cells control osteoclast formation.
Nat. Med. 2011, 17, 1235-1241. [CrossRef]

Wang, B.; Jin, H.; Shu, B.; Mira, R.R.; Di, C. Chondrocytes-Specific Expression of Osteoprotegerin Modulates Osteoclast Formation
in Metaphyseal Bone. Sci. Rep. 2015, 5, 13667. [CrossRef]

Kearns, A.E.; Khosla, S.; Kostenuik, PJ. Receptor activator of nuclear factor kappaB ligand and osteoprotegerin regulation of bone
remodeling in health and disease. Endocr. Rev. 2008, 29, 155-192. [CrossRef]

Chandra, A.; Lin, T,; Tribble, M.B.; Zhu, J.; Altman, A.R.; Tseng, W.J.; Zhang, Y.; Akintoye, S.0.; Cengel, K.; Liu, X.S; et al.
PTH1-34 alleviates radiotherapy-induced local bone loss by improving osteoblast and osteocyte survival. Bone 2014, 67, 33—40.
[CrossRef]

Chandra, A; Lin, T.; Zhu, J.; Tong, W.; Huo, Y,; Jia, H.; Zhang, Y.; Liu, X.S.; Cengel, K,; Xia, B.; et al. PTH1-34 blocks radiation-
induced osteoblast apoptosis by enhancing DNA repair through canonical Wnt pathway. J. Biol. Chem. 2015, 290, 157-167.
[CrossRef]

Guo, C.; Li, C; Yang, K.; Kang, H.; Xu, X,; Xu, X.; Deng, L. Increased EZH2 and decreased osteoblastogenesis during local
irradiation-induced bone loss in rats. Sci. Rep. 2016, 6, 31318. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.semradonc.2009.09.001
https://www.ncbi.nlm.nih.gov/pubmed/19959028
https://doi.org/10.1016/j.ijrobp.2007.08.085
https://doi.org/10.1002/pbc.28617
https://doi.org/10.1007/s00223-005-0135-3
https://doi.org/10.1371/journal.pone.0016421
https://doi.org/10.1371/journal.pone.0176752
https://doi.org/10.1677/joe.1.07099
https://www.ncbi.nlm.nih.gov/pubmed/17400805
https://doi.org/10.3389/fcell.2021.664168
https://www.ncbi.nlm.nih.gov/pubmed/34124045
https://doi.org/10.1007/s00418-018-1640-6
https://www.ncbi.nlm.nih.gov/pubmed/29356961
https://doi.org/10.1002/jbmr.2187
https://doi.org/10.3390/ijms21176377
https://www.ncbi.nlm.nih.gov/pubmed/32887421
https://doi.org/10.1210/en.2003-0717
https://www.ncbi.nlm.nih.gov/pubmed/14500574
https://doi.org/10.1038/nm.2448
https://doi.org/10.1038/srep13667
https://doi.org/10.1210/er.2007-0014
https://doi.org/10.1016/j.bone.2014.06.030
https://doi.org/10.1074/jbc.M114.608158
https://doi.org/10.1038/srep31318

	Introduction 
	Materials and Methods 
	Experimental Design 
	Preparation and Culturing of Ex Vivo Organotypic Bone Slice Culture (OTCs) 
	Physical Parameters of Irradiation (IR) 
	Tissue Processing for Histological Evaluation and Analyzes 
	Immunohistochemistry (IHC) Staining 
	RNA Preparation and Reverse Transcription Polymerase Chain Reaction (RT-PCR) 
	Data Presentation and Statistical Analyses 

	Results 
	Morphological Changes on Endochondral Ossification Epiphysis after Particle Irradiation 
	Particle Irradiation Affected Endochondral Ossification 
	Effect of Particle Irradiation on Extracellular Matrix (ECM) Composition 
	Cartilage Regeneration and Progression of Chondrocyte Maturation under the Influence of Particle Irradiation 

	Discussion 
	Conclusions 
	References

