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Abstract

Following radiotherapy, patients have decreased bone mass and increased risk of fragility fractures. Diabetes mellitus (DM) is
also reported to have detrimental effects on bone architecture and quality. However, no clinical or experimental study has
systematically characterized the bone phenotype of the diabetic patients following radiotherapy. After one month of
streptozotocin injection, three-month-old male rats were subjected to focal radiotherapy (8 Gy, twice, at days 1 and 3), and then
bone mass, microarchitecture, and turnover as well as bone cell activities were evaluated at 2 months post-irradiation. Micro-
computed tomography results demonstrated that DM rats exhibited greater deterioration in trabecular bone mass and
microarchitecture following irradiation compared with the damage to bone structure induced by DM or radiotherapy. The serum
biochemical, bone histomorphometric, and gene expression assays revealed that DM combined with radiotherapy showed
lower bone formation rate, osteoblast number on bone surface, and expression of osteoblast-related markers (ALP, Runx2, Osx,
and Col-1) compared with DM or irradiation alone. DM plus irradiation also caused higher bone resorption rate, osteoclast
number on bone surface, and expression of osteoclast-specific markers (TRAP, cathepsin K, and calcitonin receptor) than DM
or irradiation treatment alone. Moreover, lower osteocyte survival and higher expression of Sost and DKK1 genes (two negative
modulators of Wnt signaling) were observed in rats with combined DM and radiotherapy. Together, these findings revealed a
higher deterioration of the diabetic skeleton following radiotherapy, and emphasized the clinical importance of health
maintenance.
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Introduction

Radiotherapy is the most commonly used approach for
cancer treatment after surgery or chemotherapy (1). The
high-energy rays can destroy cancer cells by inducing
nuclear DNA damage and subsequent cell death, while
the health of adjacent normal tissues/cells is also com-
promised (2). As life expectancy of patients continues to
increase with advances in cancer treatment, radiation-
induced long-term adverse effects has become a rising
concern for clinicians. Bone damage is a common chronic
complication associated with radiotherapy (3,4). It has
been shown that cancer patients experience progressive
bone loss and increased risks of fragility fractures after

radiotherapy (5,6). Even worse, increasing clinical trials and
case reports have raised the possibility of radiotherapy-
induced osteonecrosis (7,8). Substantial animal studies
have reported that focal radiation leads to significant loss of
bone mass and deterioration of bone microarchitecture and
mechanical properties (4,9,10). Furthermore, local radiation
has been shown to induce systemic adverse changes in
bone volume and microarchitecture (11). Because osteo-
porotic fractures (especially hip fractures) are associated
with increased mortality and morbidity, it is of great clinical
importance to fully understand the etiology and pathology
of radiation-induced bone damage.
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Diabetes mellitus (DM) is a public health issue in which
the patient either does not produce enough insulin or does
not respond appropriately to insulin, and it is estimated to
affect over 400 million people worldwide (12). The global
diabetes prevalence will continue to rapidly increase in the
following decades, especially in developing countries (13).
Patients with DM are prone to damage of many organs
(e.g., heart, nervous system, and kidney), and bone injury
is also a common clinical complication resulting from
DM (14,15). Type 1 diabetic patients have reduced bone
mineral density, compromised bone microstructure, and
impaired bone mechanical properties (16). The relative
risk of hip fracture in type 1 diabetic patients ranges from
7.1 to 11.2 compared with age-matched nondiabetics (17).
Similarly, type 2 diabetic patients also have poorer bone
quality and higher risk of fragility fractures than normal
populations (18). When a fracture occurs in diabetic
patients, DM-induced microvascular dysfunction and
elevated infection risk delay healing and increase morbid-
ity and mortality (19). However, to our knowledge, no
clinical or experimental study has systematically charac-
terized the bone phenotype of the diabetic patient follow-
ing radiotherapy. A full understanding of the combined
effects of DM and radiation on bone status will be of great
benefit in maintain the health of diabetic patients sub-
jected to radiotherapy.

Therefore, in the current study, the effects of radiation
on non-diabetic and diabetic bone mass and microar-
chitecture were evaluated via systematic bone micro-
computed tomography (micro-CT) analysis in rats treated
with streptozotocin. Moreover, the effects of DM, irradia-
tion, and DM combined with irradiation on the biological
activities of osteoblasts, osteoclasts, and osteocytes were
compared at the cellular level and molecular level based
on serum biochemistry, skeletal histomorphometry, and
gene expression assays.

Material and Methods

Animals and study design
Thirty-two male Sprague-Dawley rats (3 months, 280–

350 g) were acquired from the Animal Center of the Fourth
Military Medical University. Rats were housed in the
laboratory environment at room temperature (24±1°C)
and 55±5% relative humidity with a 12-h-light/dark cycle
for one week before experiments. Rats were given free
access to water and rodent chow pellets.

Thirty-two rats were assigned equally to the control
group, the irradiation (IR) group, the DM group, and the
DM combined with irradiation (DM+IR) group in equal
numbers (n=8) using a computer-generated random
numbers table by a technician who was not involved in
the current study. The experimental protocols of the
induction of the insulin-dependent DM animal model
and the application of focal radiotherapy are shown in
Figure 1A. Sixteen rats were intraperitoneally injected with

streptozotocin (Sigma-Aldrich, USA) dissolved in 0.1 M
citrate buffer (pH: B4.5) with a single dose of 60 mg/kg
body weight after an overnight fast to establish the type 1
DM model. The remaining 16 rats were injected with
equivalent sterile citrate buffer without streptozotocin. The
fasting glucose level of each rat was detected (fasting
period: 7 am to 1 pm, blood collected at 1 pm) from the tail
vein 72 h after streptozotocin injection using a glucometer
(OneTouch SureStep Plus, Lifescan, USA), and animals
with glucose levels greater than 300 mg/dL were
considered to be the qualified diabetic model.

In this study, all 16 rats injected with streptozotocin had
a glucose level higher than 300 mg/dL. Fasting glucose
levels of all rats in each group were also measured 1, 2,
and 3 months after streptozotocin injection (blood col-
lected at 1 pm). One month after streptozotocin injection,
rats in the IR and DM+IR groups were subjected to focal
radiotherapy with the clinical relevant dose of 8 Gy twice,
at days 1 and 3, at the distal metaphyseal area of the right
femur covering a 1�1 cm square collimated field under
anesthesia. Bone mass, microarchitecture, turnover, as
well as bone cell activities were determined 2 months
post-irradiation. All rats were subjected to intraperitoneal
calcein injection (Sigma-Aldrich, 8 mg/kg) 14 and 4 days
before sacrifice.

Serum biochemical analysis
Blood samples of rats were collected from the

abdominal aorta for serum biochemical analysis. After
centrifugation (1500 g, 25°C, 5 min), the concentration
of bone formation markers, including osteocalcin and
procollagen type 1 N-terminal propeptide (P1NP), and
bone resorption markers, including tartrate-resistant acid
phosphatase 5b (TRAcP5b) and C-telopeptide of type I
collagen (CTX-I), in serum were quantified using com-
mercial enzyme-linked immunosorbent assay (ELISA) kits
(CUSABIO Biotech Co., China). The entire procedure was
strictly performed following the manufacturer’s instruction.

Micro-CT imaging
After sacrifice, the characteristics of the right femur of

all animals were assessed with a micro-CT scanning
system (GE healthcare, USA). The femoral samples were
acquired and fixed in 85% ethanol for 48 h before
scanning. The parameters used during micro-CTscanning
were as follows: voltage of 80 kV, current of 80 mA,
exposure time of 3000 ms, rotation angle of 360°. Then,
all scanned two-dimensional images were reconstructed
to three-dimensional volumes with 16-mm isotropic voxel
size. The volume of interest (VOI) for trabecular bone
analysis was manually contoured starting from the proxi-
mal end of the growth plate of the distal femur and
extending 2.5 mm to the proximal end using the VG Studio
Max 2.2 software (Volume Graphics, Germany). The
architecture indices associated with femoral trabecular
bone, including bone volume/total volume (BV/TV), bone
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surface/bone volume (BS/BV), bone mineral density (BMD),
connectivity density (Conn.D), structure model index (SMI),
trabecular thickness (Tb.Th), trabecular number (Tb.N), and
trabecular separation (Tb.Sp) were subsequently quantified.

Histology and histomorphometry
After micro-CT scanning, all femoral specimens were

dehydrated in gradient ethanol and xylene for 2 h and
embedded in methylmethacrylate. Then, the femoral bone
samples were longitudinally sectioned to approximately
50-mm thickness using a diamond saw microtome (Leica
2500E, Leica SpA, Italy). All sections were imaged under
a fluorescence microscope (LEICA DM LA, Leica Micro-
systems, Germany). The trabecular region (B3 mm
proximal to the distal growth plate) was chosen for calcein
double-labeling analysis. The mineral apposition rate
(MAR), mineralizing surface per bone surface (MS/BS),
and the bone formation rate per bone surface (BFR/BS) of
the femoral samples were calculated and quantified as

previously described (19,20). The linearity of MAR and
serum osteocalcin concentration in the four groups was
also analyzed.

All tibial samples were fixed in 4% paraformaldehyde
for 48 h after sacrifice and immersed in 15% EDTA
solution for approximately 1 month. Then, the decalcified
tibiae samples were embedded in paraffin. The 5-mm-thick
sections were stained with toluidine blue to label osteo-
blasts and stained with tartrate resistant acid phosphatase
(TRAcP) to label osteoclasts. The static histomorpho-
metric parameters including osteoblast number/trabecular
bone surface (N.OB/BS) and osteoclast number/trabecu-
lar bone surface (N.OC/BS) were quantified.

Osteocyte survival analysis
The 5-mm-thick sections of all tibial specimens

embedded in paraffin were stained with hematoxylin and
eosin (H&E) to visualize the morphology of osteocytes
and their lacunae. The quantitation of empty lacunae per

Figure 1. A, The schematic model of the present study. B, The fasting blood glucose levels of all rats in the four groups after
streptozotocin (STZ) administration. C, Representative femoral trabecular bone micro-CT images selected from the volume of interests
starting from the proximal end of the growth plate of distal femur and extending 2.5 mm to the proximal end in Control, irradiation (IR),
diabetes mellitus (DM), and DM+IR rats. D–K, Quantitative analysis of micro-CT results, including bone volume/total volume (BV/TV),
bone surface/bone volume (BS/BV), bone mineral density (BMD), connectivity density (Conn.D), structure model index (SMI), trabecular
thickness (Tb.Th), trabecular number (Tb.N), and trabecular separation (Tb.Sp). Data are reported as means±SD (n=8). **Po0.01,
***Po0.001 vs Control group; ##Po0.01, ###Po0.001 vs IR group; $$Po0.01, $$$Po0.001 vs DM group; winteractions between DM and
IR (ANOVA).
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trabecular bone surface in the H&E-stained images was
analyzed. In addition, TUNEL immunofluorescence stain-
ing was also performed to determine the osteocytic
apoptosis using a commercial immunostaining kit (Roche,
Germany), following the manufacturers’ protocols. The
TUNEL-positive osteocytes in trabecular bone in the four
groups were counted and analyzed using the fluores-
cence microscope.

Real-time PCR assays
The mid-diaphysis of the right femur was centrifuged

(2000 g, 25°C, 10 min) to flush out bone marrow and bone
specimens and the bones were ground to powder in a
mortar filled with liquid nitrogen for real-time PCR anal-
ysis. Then, the specimens were lysed using TRIzol regent
that mixed with phenol and guanidine thiocyanate solution
and the total RNA was extracted as described before
(19,20). The cDNA was then synthesized from RNA using
SuperScript III reverse transcriptase (Invitrogen, USA).
Then, the quantitative real-time PCR was performed using
SYBR Green PCR Master Mix (Applied Biosystems, USA)
on the ABI 7300 Real-Time PCR system. GAPDH was
used as the reference gene and all gene expression levels
were calculated via 2–DDCt method. The sequences of the
primers used in the study, including ALP, Runx2, Osx,
Col-1, TRAP, Cathepsin K, Calcitonin receptor, Sost, and
DKK1, which were designed and synthesized by Beijing
AuGCT DNA-SYN Biotechnology Co., Ltd, (China), are
shown in Table 1.

Statistical analysis
Data analyses were performed in the SPSS 21.0

software (SPSS, USA). All data are reported as means
±SD. The Kolmogorov-Smirnov test and Levene’s test
were used to examine the normal distribution and homo-
scedasticity determination, respectively. All parameters
were consistent with normal distribution and homosce-
dasticity. Two-way ANOVA with Bonferroni’s post hoc test
was then employed to compare differences in bone mass,
microarchitecture, turnover, cellular activities, and mRNA
expression data between irradiated and non-irradiated

samples in the rats. Two-way ANOVA was used to assess
significant effects of DM and IR interaction (Po0.05)
according to the indices of micro-CT (including BV/TV, BS/
BV, BMD, Conn.D, SMI, Tb.Th, Tb.N, and Tb.Sp), serum
biochemical levels (including osteocalcin, P1NP, TRAc
P5b, and CTX-I), bone histology (including N.OB/BS and
N.OC/BS), bone histomorphometry (including MAR, MS/
BS, and BFR/BS), osteocyte survival (including empty
lacunae and TUNEL+ osteocytes), and skeletal gene
expression (including ALP, Runx2, Osx, Col-1, TRAP,
Cathepsin K, Calcitonin receptor, Sost, and DKK1).

Results

Glucose metabolism
Fasting glucose levels of rats in the DM and DM+IR

groups were significantly increased compared with those
in the control group 1, 2, and 3 months after streptozotocin
administration (Po0.001), whereas fasting glucose levels
had no statistical difference between the DM and DM+IR
groups at any time-point (P40.05). Moreover, no sig-
nificant difference was observed in the fasting glucose
levels between the IR group and the control group at any
time-point (P40.05, Figure 1B).

Micro-CT analysis
As shown in Figure 1C–K, representative micro-CT

images revealed that femoral trabecular bone microstruc-
ture in the IR group showed deterioration compared with
the control group, as evidenced by the statistically
significant decrease in BV/TV (–26.9%), BMD (–28.0%),
Conn.D (–31.7%), Tb.Th (–11.4%), and Tb.N (–27.0%),
and increase in BS/BV (+32.5%), SMI (+41.7%), and Tb.
Sp (+15.6%). DM rats also showed significantly lower
BV/TV (–29.3%), BMD (–29.3%), Conn.D (–27.6%), Tb.Th
(–14.3%), and Tb.N (–27.0%) and higher BS/BV
(+31.5%), SMI (+50.3%), and Tb.Sp (+21.3%) than
rats in control groups. Moreover, femoral trabecular bone
microstructure in the DM+IR rats was more damaged
compared with the IR and DM rats. The results of statis-
tical analysis also showed that BV/TV, BMD, Conn.D,

Table 1. Primer sequences used in quantitative real-time PCR assays.

Genes Forward sequence (50–30) Reverse sequence (50–30)

ALP CCTAGACACAAGCACTCCCACTA GTCAGTCAGGTTGTTCCGATTC

Runx2 TACCAGCCACCGAGACCAA AGAGGCTGTTTGACGCCATAG

Osx GCTGCCTACTTACCCGTCTG GTTGCCCACTATTGCCAACT

Col-1 TCTGACTGGAAGAGCGGAGAG GAGTGGGGAACACACAGGTCT

TRAP ACGTATGTGGAAGCCTCTGG CTCCCTCAGACCCATTAGGG

Cathepsin K TGTCTGAGAACTATGGCTGTGG ATACGGGTAACGTCTTCAGAG

Calcitonin receptor GCTGCTCTGATTGCTTCCAT TTGTAGTAGACGGCACGAGT

DKK1 GCCTCCGATCATCAGACGGT GCAGGTGTGGAGCCTAGAAG

Sost TGATGCCACAGAAATCATCC ACGTCTTTGGTGTCATAAGG

GAPDH ACCACAGTCCATGCCATCAC TCCACCACCCTGTTGCTGTA
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Tb.Th, and Tb.N in DM+IR rats were significantly lower
than the IR rats (–22.1, –23.0, –35.0, –17.2, and –18.5%,
respectively) and DM rats (–19.4, –21.7, –38.6, –14.3, and
–18.5%, respectively). The BS/BV, SMI, and Tb.Sp in the
DM+IR group were significantly higher than the IR group
(+23.8, +28.2, and +22.2%, respectively) and the DM
group (+24.7, +20.9, and +16.5%, respectively).

Serum biochemical analysis
The results of serum biochemical analysis via ELISA

assays are shown in Figure 2. The concentrations of
osteocalcin and P1NP, the bone formation markers in
serum, were significantly decreased by 28.8 and 25.1% in
IR rats compared with the control rats (Po0.001). Rats
in the DM group also showed a significant decrease in
osteocalcin (–27.9%, Po0.001) and P1NP (–22.8%,
Po0.01) compared with the control rats. However, the
concentrations of serum osteocalcin and P1NP in DM+IR
rats were further suppressed compared with the IR rats
(–26.9%, Po0.001; –32.9%, Po0.001, respectively) and
DM rats (–27.7%, Po0.001; –35.0%, Po0.001, respec-
tively). In addition, the concentrations of serum TRAcP5b
and CTX-I (the bone resorption markers) were signifi-
cantly increased in DM rats (+14.7%, Po0.01; +17.4%,
Po0.01, respectively) compared with the control rats. The
IR rats exhibited no observable difference in serum
TRAcP5b or CTX-I secretion compared with the control

rats. However, the TRAcP5b and CTX-I concentrations in
DM+IR rats were significantly increased compared
with the IR rats (+19.3%, Po0.001; +22.4%, Po0.001,
respectively) and DM rats (+11.8%, Po0.01; +13.2%,
Po0.01, respectively).

Histology and histomorphometry analyses
According to the dual calcein labeling results (Figure

3A–D), the MAR (–31.3%, Po0.001), MS/BS (–7.7%,
Po0.01), and BFR/BS (–24.3%, Po0.001) in the IR rats
were significantly decreased compared with the control
rats. The DM rats also showed significantly lower MAR
(–29.8%), MS/BS (–9.4%), and BFR/BS (–27.1%) than the
control rats (Po0.001). The MAR, MS/BS, and BFR/BS in
the DM+IR rats were further decreased compared with
the IR rats (–18.2%, Po0.01; –7.8%, Po0.01; –32.1%,
Po0.001, respectively) and DM rats (–26.2%, Po0.001;
–6.1%, Po0.05; –29.8%, Po0.001, respectively). The
fitted curve between the MAR of the femoral samples and
the concentration of serum osteocalcin in control, IR, DM,
and DM+IR rats exhibited a high linear relation as shown
in Figure 3E.

The histological results (Figure 3F and G) showed that
the IR and DM groups exhibited significantly lower N.OB/
BS than the control rats (–43.3%, Po0.001; –36.6%,
Po0.001, respectively). The N.OB/BS in the DM+IR
group was significantly decreased by 44.1% (Po0.01)
and 47.3% (Po0.001) compared with the IR and DM
groups, respectively. Moreover, N.OC/BS in the DM group
was significantly increased by 39.9% (Po0.01) compared
to the control group. DM plus irradiation led to a further
increase in N.OC/BS compared with the IR (+49.8%,
Po0.001) and DM (+23.5%, Po0.01) rats.

Osteocyte survival analysis
The results of H&E staining (Figure 4A and C)

demonstrated that the tibial samples of rats in IR and
DM groups had significantly higher number of empty
lacunae osteocytes than the control group (Po0.01). The
number of empty osteocytic lacunae in DM+IR rats was
further significantly increased compared with the IR and
DM rats (Po0.001). In addition, the TUNEL staining
results (Figure 4B and D) revealed that IR and DM rats
showed significantly increased apoptotic TUNEL+ osteo-
cyte number compared with the rats in the control group
(Po0.001). The TUNEL+ osteocyte number in the tibial
samples of rats in the DM+IR group was further signif-
icantly higher than the IR and DM groups (Po0.001).

Skeletal gene expression analysis
As shown in Figure 5A–D, both IR and DM significantly

suppressed the relative gene expression levels of osteo-
blast-specific markers, including ALP, Runx2, Osx, and
Col-1 (Po0.001). Rats in the DM+IR group exhibited
much lower ALP, Runx2, Osx, and Col-1 expression than
IR and DM rats (Po0.01). DM, but not IR, significantly

Figure 2. Effects of focal irradiation on serum concentrations
of bone turnover markers in streptozotocin-treated diabetic rats
or non-diabetic rats. A and B, Quantitative analysis of bone
formation markers, including osteocalcin and N-terminal propep-
tide of type 1 procollagen (P1NP) in the Control, irradiation (IR),
diabetes mellitus (DM), and DM+IR rats. C and D, Quantitative
analysis of bone resorption markers, including tartrate-resistant
acid phosphatase 5b (TRAcP5b) and C-telopeptide of type I
collagen (CTX-I) in the Control, IR, DM, and DM+IR groups. Data
are reported as means±SD (n=8). **Po0.01, ***Po0.001 vs
the Control group; ###Po0.001 vs the IR group; $$Po0.01,
$$$Po0.001 vs the DM group; winteractions between DM and IR
(ANOVA).

Braz J Med Biol Res | doi: 10.1590/1414-431X2021e11550

Diabetes exacerbates radiotherapy-induced bone deterioration 5/10

https://doi.org/10.1590/1414-431X2021e11550


increased the osteoclast-related TRAP, Cathepsin K, and
Calcitonin receptor gene expression (Figure 5E–G) com-
pared with control rats (Po0.01). Moreover, the gene
expression levels of osteoclast-related markers of rats in

the DM+IR group were further significantly increased
compared to rats in the IR (Po0.001) and DM (Po0.05)
groups. As shown in Figure 5H and I, gene expression
levels of Sost and DKK1 were significantly higher in both

Figure 3. Effects of focal irradiation on bone histological and histomorphometric parameters in streptozotocin-treated diabetic rats or
non-diabetic rats. A, Representative calcein double labeling images of the femoral trabecular bone in the Control, irradiation (IR),
diabetes mellitus (DM), and DM+IR rats. Scale bar 20 mm. B–D, Quantitative analysis of dynamic histomorphometry for mineral
apposition rate (MAR), mineralizing surface per bone surface (MS/BS), and bone formation rate per bone surface (BFR/BS). E, Linear
regression analysis of MAR and concentration of osteocalcin in serum. F and G, Static histomorphometric analysis for number of
osteoblasts (N.OB/BS) and osteoclasts (N.OC/BS) on femoral trabecular bone in the control, IR, DM, and DM+IR groups. Data are
reported as means±SD (n=8). **Po0.01, ***Po0.001 vs the Control group; ##Po0.01, ###Po0.001 vs the IR group; $Po0.05,
$$Po0.01, $$$Po0.001 vs the DM group; winteractions between DM and IR (ANOVA).

Figure 4. Effects of focal irradiation on the survival and activity of osteocytes in femoral trabeculae in streptozotocin-treated diabetic rats
or non-diabetic rats. A and B, Representative H&E and TUNEL immunofluorescence staining images performed on decalcified tibial
specimens. Empty lacunae are indicated with black arrows. C and D, Quantitative analysis of empty lacunae based on the H&E staining
and TUNEL-positive osteocytes per trabecular bone surface in the Control, irradiation (IR), diabetes mellitus (DM), and DM+IR rats.
Scale bar 100 mm. Data are reported as means±SD (n=8). **Po0.01, ***Po0.001 vs the Control group; ###Po0.001 vs the IR group;
$$$Po0.001 vs the DM group; winteractions between DM and IR (ANOVA).
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IR and DM rats than in control rats (Po0.001). DM+IR
caused further up-regulation of gene expression of
Sost and DKK1 compared with IR (Po0.001) and DM
(Po0.01) rats, respectively.

Discussion

A growing body of evidence suggests that both DM
and radiotherapy can significantly suppress bone quantity
and quality and impair bone homeostasis (21–23).
However, the bone phenotype of the diabetic patient or
animal subjected to irradiation exposure has never been
systematically characterized either clinically or experi-
mentally. In this study, we observed that streptozotocin-
induced DM rats exhibited more significant decrease in
bone mass and more significant deterioration in trabecular
bone microarchitecture following radiotherapy compared
with DM or irradiation alone. Furthermore, our serum
biochemical, bone histomorphometric, and real-time PCR
results demonstrated that DM combined with irradia-
tion induced a more pronounced decrease in osteoblast
number and differentiation and bone formation compared
with DM or irradiation alone; nonetheless, DM rats

exhibited more notable increases in osteoclast number
and bone resorbing capacity following radiotherapy.
Moreover, a decrease was found in the number and
survival of osteocytes and the Sost and DKK1 expression
in DM rats with radiotherapy.

Our micro-CT results demonstrated that 3 months after
a single high-dose streptozotocin injection DM rats
exhibited significant deterioration in femoral trabecular
bone microstructure compared with control rats, as
evidenced by decreased BV/TV, BMD, Conn.D, Tb.Th,
and Tb.N. and increased BS/BV, SMI, and Tb.Sp.
Similarly, previous studies have also revealed compro-
mised cancellous bone microarchitecture in insulin-depen-
dent diabetic patients and animals based on HR-pQCT
and micro-CT imaging (24,25). Moreover, we found that
femoral trabeculae of rats showed notable disruption of
cancellous bone microarchitecture and loss of trabecular
elements 2 months after radiotherapy, which was con-
sistent with previous in vivo findings (9,26). Interestingly,
following radiotherapy DM rats had much lower volume
of calcified bone tissues than DM or irradiation treatment,
as evidenced by lower BV/TV and BMD, and higher BS/
BV. DM plus irradiation rats also had significantly lower

Figure 5. Effects of focal irradiation on skeletal relative gene expression levels of (A–D) osteoblast-related markers (ALP, Runx2, Osx,
and Col-1), (E–G) osteoclast-related markers (TRAP, Cathepsin K, and Calcitonin receptor), and (H–I) Wnt inhibitors (Sost and DKK1) in
the mid-diaphysis of the right femur in streptozotocin-treated diabetic rats and non-diabetic rats. Data are reported as means±SD (n=8).
**Po0.01, ***Po0.001 vs the Control group; ##Po0.01, ###Po0.001 vs the IR (irradiated) group; $$Po0.01 vs the DM (diabetic) group;
winteractions between DM and IR (ANOVA).
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Conn.D, Th.Th, and Tb.N, and higher SMI and Tb.Sp,
revealing much poorer trabecular connectivity and higher
proportion of rod-like trabecular network. Thus, our results
revealed for the first time that the diabetic rats had further
aggravation of bone damage following radiotherapy, and
suggested that attention should be paid to this issue in
clinics and that measures against bone deterioration and
fragility fractures are highly necessary.

We further investigated bone turnover and bone cell
activities to identify the potential etiology of bone deterio-
ration induced by DM combined with radiotherapy. Our
results of circulating markers (serum OCN and P1NP) and
tissue-level dynamic histomorphometry demonstrated that
both DM and irradiation led to negative impacts on bone
formation rate. In contrast, no significant change of bone
resorption was found in radiation rats, and an only a mild
increase in bone resorption was observed in DM rats.
Growing evidence has substantiated that suppressed
bone formation capacity is the major contributor to DM-
induced or radiotherapy-induced bone loss (25,27,28).
Furthermore, we found that DM rats exhibited much lower
bone formation rate following radiation than single DM
or radiotherapy alone. Interestingly, significantly higher
bone resorption rate was observed in rats with DM plus
irradiation than either intervention alone. Thus, our find-
ings suggested that both therapies remarkably decreased
bone formation and increased bone resorption.

At the cellular level, our static bone histomorphometric
and real-time PCR results demonstrated that the number
of osteoblasts as well as their differentiation capacity in
rats with DM or irradiation were compromised compared
with control rats. The damage to osteoblast growth and
differentiation induced by DM or radiotherapy has also
been reported by previous in vitro and in vivo data
(29–31). Similar with the serum results for bone resorp-
tion, rats with irradiation exhibited changes in osteoclast
number and osteoclast-related marker expressions, and
DM induced a mild increase in osteoclast number.
Moreover, DM plus irradiation led to further reduction of
osteoblast number and expression of osteoblast gene
markers, revealing the additive damage to osteoblasts
upon combination. Surprisingly, rats exposed to DM
combined with irradiation also displayed much higher
osteoclast populations in bone than rats with DM or
irradiation alone. Our findings indicated that the combina-
tion of DM and irradiation induced further inhibition of
osteoblast activity/function and stimulation of osteoclast
activity, and consequently impaired bone homeostasis
and aggravated bone loss.

Osteocytes, as the most abundant and long-lived cells
in adult skeleton, are regarded as important regulators of
bone homeostasis (32,33). Osteocytes can directly
mediate phosphate and calcium metabolism and send
regulative factors to distant organs (e.g., kidney and
parathyroid) (34–36). More importantly, osteocytes are
found to be a powerful mechanosensor and mechano-
transducer, which can orchestrate bone remodeling by the
secretion of cytokines though their long dendritic pro-
cesses to regulate osteoblast and osteoclast activities
(e.g., sclerostin and RANKL) (37). Several previous
studies have found that high glucose exposure decreases
osteocyte viability and increases sclerostin expression
(a negative regulator of bone formation) (38,39). Similarly,
radiation has also been reported to impair osteocyte
survival in rodents (40). Our findings demonstrated that
both DM and irradiation increased osteocyte apoptosis
and also stimulated osteocyte-specific Sost gene expres-
sion. Moreover, DM rats with radiotherapy exhibited much
lower osteocyte survival and higher Sost expression than
DM or IR alone. Our findings suggested that osteocyte
damage was also implicated in bone deterioration induced
by DM combined with radiotherapy. Furthermore, DKK1,
another important negative molecule of Wnt signaling,
was also found significantly higher in the skeleton of DM
rats with radiotherapy than either DM or IR. Thus, our
results also indicated that bone damage induced by DM
combined with radiotherapy may also be associated with
the increased expression of Wnt signaling modulators
DKK1 and Sost in bone cells.

This study not only helps enrich basic knowledge
on radiotherapy-mediated bone complications, but also
raises needed attention in clinics to bone issues in
diabetic patients following radiotherapy. Thus, it will be
interesting and important to identify potential therapeutic
options for resisting bone deterioration induced by DM
plus radiotherapy in future studies.

Acknowledgments

The authors acknowledge the support from the
National Natural Science Foundation of China (Nos.
11972366 and 51907111), the Supporting Project of
Young Technology Nova of Shaanxi Province (2019
KJXX-087), the Shaanxi Provincial Research and Devel-
opment Program Foundation of China (2021SF-031 and
2020SF-084), and the Open Project from State Key
Laboratory of Military Stomatology (2020KB02).

References

1. Teepen JC, Curtis RE, Dores GM, de Gonzalez AB, van den
Heuvel-Eibrink MM, Kremer LCM, et al. Risk of subsequent
myeloid neoplasms after radiotherapy treatment for a solid

cancer among adults in the United States, 2000–2014.
Leukemia 2018; 32: 2580–2589, doi: 10.1038/s41375-018-
0149-2.

Braz J Med Biol Res | doi: 10.1590/1414-431X2021e11550

Diabetes exacerbates radiotherapy-induced bone deterioration 8/10

http://dx.doi.org/10.1038/s41375-018-0149-2
http://dx.doi.org/10.1038/s41375-018-0149-2
https://doi.org/10.1590/1414-431X2021e11550


2. Schulz N, Chaachouay H, Nytko KJ, Weyland MS, Roos M,
Fuchslin RM, et al. Dynamic in vivo profiling of DNA damage
and repair after radiotherapy using canine patients as a
model. Int J Mol Sci 2017; 18: 1176, doi: 10.3390/ijms18
061176.

3. Batista JD, Zanetta-Barbosa D, Cardoso SV, Dechichi P,
Rocha FS, Pagnoncelli RM. Effect of low-level laser therapy
on repair of the bone compromised by radiotherapy. Lasers
Med Sci 2014; 29: 1913–1918, doi: 10.1007/s10103-014-
1602-8.

4. Zhai J, He F, Wang J, Chen J, Tong L, Zhu G. Influence
of radiation exposure pattern on the bone injury and
osteoclastogenesis in a rat model. Int J Mol Med 2019; 44:
2265–2275, doi: 10.3892/ijmm.2019.4369.

5. Zhang J, Qiu X, Xi K, Hu W, Pei H, Nie J, et al. Therapeutic
ionizing radiation induced bone loss: a review of in vivo and
in vitro findings. Connect Tissue Res 2018; 59: 509–522,
doi: 10.1080/03008207.2018.1439482.

6. Bartlow CM, Mann KA, Damron TA, Oest ME. Limited field
radiation therapy results in decreased bone fracture tough-
ness in a murine model. PloS One 2018; 13: e0204928, doi:
10.1371/journal.pone.0204928.

7. Gadiwalla Y, Patel V. Osteonecrosis of the jaw unrelated to
medication or radiotherapy. Oral Surg Oral Med Oral Pathol
Oral Radiol 2018; 125: 446–453, doi: 10.1016/j.oooo.2017.
12.016.

8. Magremanne M, Picheca S, Reychler H. Etiologic diagnosis
of jaw osteonecrosis, other than bisphosphonate and
radiotherapy related osteonecrosis. Rev Stomatol Chir Maxi-
llofac Chir Orale 2014; 115: 45–50, doi: 10.1016/j.revsto.
2013.12.012.

9. Chandra A, Lin T, Young T, Tong W, Ma X, Tseng WJ, et al.
Suppression of sclerostin alleviates radiation-induced bone
loss by protecting bone-forming cells and their progenitors
through distinct mechanisms. J Bone Miner Res 2017; 32:
360–372, doi: 10.1002/jbmr.2996.

10. Chandra A, Lagnado AB, Farr JN, Monroe DG, Park S,
Hachfeld C, et al. Targeted reduction of senescent cell
burden alleviates focal radiotherapy-related bone loss.
J Bone Miner Res 2020; 35: 1119–1131, doi: 10.1002/jbmr.
3978.

11. Palanca M, Bodey AJ, Giorgi M, Viceconti M, Lacroix D,
Cristofolini L, et al. Local displacement and strain uncertain-
ties in different bone types by digital volume correlation of
synchrotron microtomograms. J Biomech 2017; 58: 27–36,
doi: 10.1016/j.jbiomech.2017.04.007.

12. Regazzi R. MicroRNAs as therapeutic targets for the
treatment of diabetes mellitus and its complications. Expert
Opin Ther Targets 2018; 22: 153–160, doi: 10.1080/14728
222.2018.1420168.

13. Shaw JE, Sicree RA, Zimmet PZ. Global estimates of the
prevalence of diabetes for 2010 and 2030. Diabetes Res
Clin Pract 2010; 87: 4–14, doi: 10.1016/j.diabres.2009.
10.007.

14. Lekkala S, Taylor EA, Hunt HB, Donnelly E. Effects of
diabetes on bone material properties. Current Osteoporos
Rep 2019; 17: 455–464, doi: 10.1007/s11914-019-00538-6.

15. Murray CE, Coleman CM. Impact of diabetes mellitus on
bone health. Int J Mol Sci 2019; 20: 4873, doi: 10.3390/
ijms20194873.

16. Franceschi R, Longhi S, Cauvin V, Fassio A, Gallo G, Lupi F,
et al. Bone geometry, quality, and bone markers in children
with type 1 diabetes mellitus. Calcif Tissue Intl 2018; 102:
657–665, doi: 10.1007/s00223-017-0381-1.

17. Janghorbani M, Van Dam RM, Willett WC, Hu FB.
Systematic review of type 1 and type 2 diabetes mellitus
and risk of fracture. Am J Epidemiol 2007; 166: 495–505,
doi: 10.1093/aje/kwm106.

18. Wang L, Li T, Liu J, Wu X, Wang H, Li X, et al. Association
between glycosylated hemoglobin A1c and bone biochem-
ical markers in type 2 diabetic postmenopausal women:
a cross-sectional study. BMC Endocr Disord 2019; 19: 31,
doi: 10.1186/s12902-019-0357-4.

19. Kortram K, Bezstarosti H, Metsemakers WJ, Raschke MJ,
Van Lieshout EMM, Verhofstad MHJ. Risk factors for
infectious complications after open fractures; a systematic
review and meta-analysis. Int Orthop 2017; 41: 1965–1982,
doi: 10.1007/s00264-017-3556-5.

20. Leanza G, Maddaloni E, Pitocco D, Conte C, Palermo A,
Maurizi AR, et al. Risk factors for fragility fractures in type 1
diabetes. Bone 2019; 125: 194–199, doi: 10.1016/j.bone.
2019.04.017.

21. Kanazawa I. Interaction between bone and glucose meta-
bolism [Review]. Endocr J 2017; 64: 1043–1053, doi:
10.1507/endocrj.EJ17-0323.

22. Kolp E, Wilkens MR, Pendl W, Eichenberger B, Liesegang
A. Vitamin D metabolism in growing pigs: influence of UVB
irradiation and dietary vitamin D supply on calcium home-
ostasis, its regulation and bone metabolism. J Anim Physiol
Anim Nutr 2017; 101: 79–94, doi: 10.1111/jpn.12707.

23. Zhang J, Qiao P, Yao G, Zhao H, Wu Y, Wu S. Ionizing
radiation exacerbates the bone loss induced by iron over-
load in mice. Biol Trace Elem Res 2020; 196: 502–511,
doi: 10.1007/s12011-019-01929-7.

24. Samelson EJ, Demissie S, Cupples LA, Zhang X, Xu H, Liu
CT, et al. Diabetes and deficits in cortical bone density,
microarchitecture, and bone size: Framingham HR-pQCT
study. J Bone Miner Res 2018; 33: 54–62, doi: 10.1002/
jbmr.3240.

25. Maurotti S, Russo C, Musolino V, Nucera S, Gliozzi M,
Scicchitano M, et al. Effects of C-peptide replacement
therapy on bone microarchitecture parameters in streptozo-
tocin-diabetic rats. Calcif Tissue Int 2020; 107: 266–280,
doi: 10.1007/s00223-020-00716-0.

26. Chandra A, Lin T, Zhu J, Tong W, Huo Y, Jia H, et al. PTH1-
34 blocks radiation-induced osteoblast apoptosis by enhan-
cing DNA repair through canonical Wnt pathway. J Biol
Chem 2015; 290: 157–167, doi: 10.1074/jbc.M114.608158.

27. Zeitoun D, Caliaperoumal G, Bensidhoum M, Constans JM,
Anagnostou F, Bousson V. Microcomputed tomography of
the femur of diabetic rats: alterations of trabecular and
cortical bone microarchitecture and vasculature - a feasibility
study. Eur Radiol Exp 2019; 3: 17, doi: 10.1186/s41747-019-
0094-5.

28. Mariano FV, Gondak RO, Santos-Silva AR, Correa MB,
Almeida OP, Lopes MA. Reactive post-radiotherapy
bone formation in the maxilla. J Craniofac Surg 2013; 24:
e43–e45, doi: 10.1097/SCS.0b013e31826d0015.

29. Kato H, Taguchi Y, Tominaga K, Kimura D, Yamawaki I,
Noguchi M, et al. High glucose concentrations suppress the

Braz J Med Biol Res | doi: 10.1590/1414-431X2021e11550

Diabetes exacerbates radiotherapy-induced bone deterioration 9/10

http://dx.doi.org/10.3390/ijms18061176
http://dx.doi.org/10.3390/ijms18061176
http://dx.doi.org/10.1007/s10103-014-1602-8
http://dx.doi.org/10.1007/s10103-014-1602-8
http://dx.doi.org/10.3892/ijmm.2019.4369
http://dx.doi.org/10.1080/03008207.2018.1439482
http://dx.doi.org/10.1371/journal.pone.0204928
http://dx.doi.org/10.1016/j.oooo.2017.12.016
http://dx.doi.org/10.1016/j.oooo.2017.12.016
http://dx.doi.org/10.1016/j.revsto.2013.12.012
http://dx.doi.org/10.1016/j.revsto.2013.12.012
http://dx.doi.org/10.1002/jbmr.2996
http://dx.doi.org/10.1002/jbmr.3978
http://dx.doi.org/10.1002/jbmr.3978
http://dx.doi.org/10.1016/j.jbiomech.2017.04.007
http://dx.doi.org/10.1080/14728222.2018.1420168
http://dx.doi.org/10.1080/14728222.2018.1420168
http://dx.doi.org/10.1016/j.diabres.2009.10.007
http://dx.doi.org/10.1016/j.diabres.2009.10.007
http://dx.doi.org/10.1007/s11914-019-00538-6
http://dx.doi.org/10.3390/ijms20194873
http://dx.doi.org/10.3390/ijms20194873
http://dx.doi.org/10.1007/s00223-017-0381-1
http://dx.doi.org/10.1093/aje/kwm106
http://dx.doi.org/10.1186/s12902-019-0357-4
http://dx.doi.org/10.1007/s00264-017-3556-5
http://dx.doi.org/10.1016/j.bone.2019.04.017
http://dx.doi.org/10.1016/j.bone.2019.04.017
http://dx.doi.org/10.1507/endocrj.EJ17-0323
http://dx.doi.org/10.1111/jpn.12707
http://dx.doi.org/10.1007/s12011-019-01929-7
http://dx.doi.org/10.1002/jbmr.3240
http://dx.doi.org/10.1002/jbmr.3240
http://dx.doi.org/10.1007/s00223-020-00716-0
http://dx.doi.org/10.1074/jbc.M114.608158
http://dx.doi.org/10.1186/s41747-019-0094-5
http://dx.doi.org/10.1186/s41747-019-0094-5
http://dx.doi.org/10.1097/SCS.0b013e31826d0015
https://doi.org/10.1590/1414-431X2021e11550


proliferation of human periodontal ligament stem cells and
their differentiation into osteoblasts. J Periodontol 2016; 87:
e44–51, doi: 10.1902/jop.2015.150474.

30. Chen M, Huang Q, Xu W, She C, Xie ZG, Mao YT, et al.
Low-dose X-ray irradiation promotes osteoblast proliferation,
differentiation and fracture healing. PloS One 2014; 9:
e104016, doi: 10.1371/journal.pone.0104016.

31. Park SS, Kim KA, Lee SY, Lim SS, Jeon YM, Lee JC. X-ray
radiation at low doses stimulates differentiation and miner-
alization of mouse calvarial osteoblasts. BMB Rep 2012; 45:
571–576, doi: 10.5483/BMBRep.2012.45.10.101.

32. Kao RS, Abbott MJ, Louie A, O’Carroll D, Lu W, Nissenson
R. Constitutive protein kinase A activity in osteocytes and
late osteoblasts produces an anabolic effect on bone. Bone
2013; 55: 277–287, doi: 10.1016/j.bone.2013.04.001.

33. Loots GG, Robling AG, Chang JC, Murugesh DK, Bajwa J,
Carlisle C, et al. Vhl deficiency in osteocytes produces high
bone mass and hematopoietic defects. Bone 2018; 116:
307–314, doi: 10.1016/j.bone.2018.08.022.

34. Wu XT, Sun LW, Qi HY, Shi H, Fan YB. The bio-response
of osteocytes and its regulation on osteoblasts under
vibration. Cell Biol Int 2016; 40: 397–406, doi: 10.1002/cbin.
10575.

35. Jing D, Baik AD, Lu XL, Zhou B, Lai X, Wang L, et al. In situ
intracellular calcium oscillations in osteocytes in intact

mouse long bones under dynamic mechanical loading.
FASEB J 2014; 28: 1582–1592, doi: 10.1096/fj.13-237578.

36. Jahn K, Kelkar S, Zhao H, Xie Y, Tiede-Lewis LM, Dusevich
V, et al. Osteocytes acidify their microenvironment in
response to PTHrP in vitro and in lactating mice in vivo.
J Bone Miner Res 2017; 32: 1761–1772, doi: 10.1002/jbmr.
3167.

37. Niedzwiedzki T, Filipowska J. Bone remodeling in the
context of cellular and systemic regulation: the role of
osteocytes and the nervous system. J Mol Endocrinol 2015;
55: R23–R36, doi: 10.1530/JME-15-0067.

38. Sun T, Yan Z, Cai J, Shao X, Wang D, Ding Y, et al. Effects of
mechanical vibration on cell morphology, proliferation,
apoptosis, and cytokine expression/secretion in osteocyte-
like MLO-Y4 cells exposed to high glucose. Cell Biol Int
2019, doi: 10.1002/cbin.11221.

39. Villaseñor A, Aedo-Martín D, Obeso D, Erjavec I, Rodríguez-
Coira J, Buendía I, et al. Metabolomics reveals citric acid
secretion in mechanically-stimulated osteocytes is inhibited
by high glucose. Sci Rep 2019; 9: 2295, doi: 10.1038/
s41598-018-38154-6.

40. Chandra A, Lin T, Tribble MB, Zhu J, Altman AR, Tseng WJ,
et al. PTH1-34 alleviates radiotherapy-induced local bone
loss by improving osteoblast and osteocyte survival. Bone
2014; 67: 33–40, doi: 10.1016/j.bone.2014.06.030.

Braz J Med Biol Res | doi: 10.1590/1414-431X2021e11550

Diabetes exacerbates radiotherapy-induced bone deterioration 10/10

http://dx.doi.org/10.1902/jop.2015.150474
http://dx.doi.org/10.1371/journal.pone.0104016
http://dx.doi.org/10.5483/BMBRep.2012.45.10.101
http://dx.doi.org/10.1016/j.bone.2013.04.001
http://dx.doi.org/10.1016/j.bone.2018.08.022
http://dx.doi.org/10.1002/cbin.10575
http://dx.doi.org/10.1002/cbin.10575
http://dx.doi.org/10.1096/fj.13-237578
http://dx.doi.org/10.1002/jbmr.3167
http://dx.doi.org/10.1002/jbmr.3167
http://dx.doi.org/10.1530/JME-15-0067
http://dx.doi.org/10.1002/cbin.11221
http://dx.doi.org/10.1038/s41598-018-38154-6
http://dx.doi.org/10.1038/s41598-018-38154-6
http://dx.doi.org/10.1016/j.bone.2014.06.030
https://doi.org/10.1590/1414-431X2021e11550

	title_link
	Introduction
	Material and Methods
	Animals and study design
	Serum biochemical analysis
	MicrohyphenCT imaging
	Histology and histomorphometry
	Osteocyte survival analysis

	Figure 1.
	Realhyphentime PCR assays
	Statistical analysis

	Results
	Glucose metabolism
	MicrohyphenCT analysis

	Table  Table 1. Primer sequences used in quantitative realhyphentime PCR assays
	Serum biochemical analysis
	Histology and histomorphometry analyses
	Osteocyte survival analysis
	Skeletal gene expression analysis

	Figure 2.
	Figure 3.
	Figure 4.
	Discussion
	Figure 5.
	Acknowledgments

	REFERENCES
	References


