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Abstract. Diabetic osteoporosis is a common health problem that is associated with a disrup-
tion in bone metabolism. A2A adenosine receptor (A2AAR) signaling seems to play a critical 
role in bone homeostasis. �is study aimed to evaluate the e�ect of A2AAR stimulation on the 
treatment of diabetic-induced osteoporosis versus insulin treatment. Forty adult male rats were 
allocated into control (C), untreated diabetic-induced osteoporosis (DIO), insulin-treated DIO 
(I-DIO), and A2AAR agonist-treated DIO (A-DIO) groups. Both insulin and A2AAR agonist 
treatments signi�cantly increased serum insulin level, glutathione peroxidase (GPx) activity, 
bone expression of osteoprotegerin (Opg) and β-catenin (Ctnnb1), and cortical and trabecular 
bone thickness, whereas they decreased serum fasting glucose, malondialdehyde (MDA), tumor 
necrosis factor α (TNF-α), bone expression of receptor activator of nuclear factor kappa-B ligand 
(Rankl), runt-related transcription factor-2 (Runx2), and sclerostin (Sost) versus the untreated 
DIO groups. A2AAR agonist treatment was more e�ective than insulin in ameliorating diabetic 
osteoporosis. �is might be attributed to the upregulation of β-catenin gene expression, enhancing 
its anabolic e�ect on bone, in addition to the A2AAR agonist’s anti-oxidative, anti-in�ammatory, 
and anti-diabetic e�ects. 
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Introduction 

�e global prevalence of diabetes mellitus (DM) in adults 
in 2021 was estimated to be 10.5% of the population, with 
expectations to increase to 12.2% in 2045 (Sun et al. 2022). 

Long-standing DM is associated with many complications, 
such as nephropathy, neuropathy, and retinopathy (Chawla 
et al. 2016). Impaired bone quality and increased fracture 
risk have become recognized complications of DM (Murray 
and Coleman 2019). It has been reported that the incidence 
of osteoporosis exceeds 50% among diabetic patients (Qi 
et al. 2021).

Diabetic osteoporosis is a systemic metabolic bone disease 
that might be related to chronic hyperglycemia, oxidative 
stress, advanced glycation end products (AGEs) accumu-
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lation, and microvascular changes (Murray and Coleman 
2019). Adequate glycemic control is essential for preventing 
the adverse e�ects of DM on bone integrity; meanwhile, anti-
diabetic drugs have a controversial impact on bone health 
(Adil et al. 2017).

Adenosine is produced both intracellularly and extracel-
lularly from the metabolism of ATP (Manjunath and Sakhare 
2009). It regulates many adaptive physiological processes 
via interaction with one or more of four known G-protein-
coupled receptors (GPCRs): A1, A2A, A2B, and A3 adenosine 
receptors (ARs) (Sabbadin et al. 2015).

A2AARs are expressed on bone and might play a role in 
bone homeostasis (Corciulo and Cronstein 2020). Stimu-
lation of A2AAR diminished in�ammatory osteolysis and 
increased osteoblast numbers in in�amed bone (Mediero 
et al. 2012). Also, A2AAR activation might restore bone 
homeostasis by increasing osteoblasts and decreasing os-
teoclast di�erentiation, number, and activity (Mediero et 
al. 2015). Accordingly, A2AAR-de�cient mice exhibited low 
bone density (Mediero et al. 2018). In contrast, Pellegatti 
et al. (2011) demonstrated that A2AAR drives osteoclast 
fusion.

In addition, A2AARs are found in insulin-sensitive tis-
sues such as skeletal muscle and adipose tissue and have 
been associated with the regulation of glucose homeostasis 
(Koupenova and Ravid 2013; Csóka et al. 2017). A2AAR 
de�ciency in mice causes decreased insulin production 
and impaired glucose tolerance in a mouse model of T2DM 
(Csóka et al. 2017). In an isolated mouse pancreatic islet, 
adenosine augmented glucose-induced insulin secretion, 
an e�ect that was inhibited by A2AAR blockage (Ohtani et 
al. 2013).

Based on the aforementioned studies, it was intriguing to 
study the ability of A2AAR agonists to mitigate osteoporosis 
and bone deterioration in diabetic states.

Materials and Methods

Experimental animals

Forty adult male Wistar rats weighing 180–210  g  were 
purchased from Vacsera Animal House (Helwan), and they 
were housed in the Medical Ain Shams Research Institute 
(MASRI), Faculty of Medicine, Ain Sham University, Cairo, 
Egypt. Rats were kept under standard conditions (12-h light/
dark cycle, temperature of 23 ± 2°C) in plastic cages (4 rats/
cage) with free access to water and food.

Ethical approval

�e study protocol was approved by the Research Ethics 
Committee, Faculty of Medicine, Ain Shams University 

(FMASU-REC, MD-90/2020), which conforms to the Guide 
for the Care and Use of Laboratory Animals published by 
the US National Institutes of Health. �is study is reported 
according to the ARRIVE guidelines (Animal Research: Re-
porting of in vivo experiment). �e sample size was estimated 
based on a previous bone disease study using the G* Power 
3.1.9.7 for Windows (F test), considering an alpha error of 
0.05 and 95% power to recognize a 0.9 e�ect size. �e result 
indicated a minimum of 8 rats per group.

Experimental groups

Rats were randomly allocated into 5 groups (8 rats each): 
control, two untreated diabetic groups and two treated 
diabetic groups.
1. Control group (C): Rats received a single intraperitoneal 

injection (1 ml/kg) of citrate bu�er solution (the vehicle 
of streptozotocin).
Diabetes in diabetic groups was induced in overnight-

fasted rats by a  single intraperitoneal injection of strep-
tozotocin (STZ) (Sigma-Aldrich, USA), 40 mg/kg/ml, to 
induce type I DM (Rao et al. 2014; Mostafavinia et al. 2016). 
STZ was dissolved in freshly prepared sodium citrate bu�er 
(0.1 M, pH 4.5). �ree days later, blood glucose was meas-
ured using the OK meter-Direct® glucometer (OK Biotech 
Co. Ltd., Taiwan). Rats whose fasting blood glucose levels 
were ≥250 mg/dl were considered diabetics (Rao et al. 2014). 
�en, rats were le� for four weeks without treatment a�er the 
induction of diabetes to ensure the occurrence of disturbed 
bone metabolism and to establish a diabetic osteoporosis 
model (Kim et al. 2017).

Untreated diabetic groups:
2. Diabetic-induced osteoporosis group (DIO)a: Diabetic 

rats didn’t receive any further intervention for four weeks.
3. Diabetic-induced osteoporosis group (DIO)b: Diabetic 

rats received daily intraperitoneal injections (1 ml/kg) of 
10% dimethyl sulfoxide (DMSO) solution (the vehicle of 
CGS-21680) for four weeks.
Treated diabetic groups:

4. Insulin-treated diabetic-induced osteoporosis group 
(I-DIO): Diabetic rats received daily subcutaneous injec-
tions of insulin (Humulin 70-30, 100 IU/ml, Lilly, Egypt) 
at a dose of 10 IU/kg (Rao et al. 2014) for four weeks.

5. A2A adenosine receptor agonist-treated diabetic-induced 
osteoporosis group (A-DIO): Diabetic rats received daily 
intraperitoneal injections of the A2A adenosine receptor 
agonist (CGS-21680) (TOCRIS Bioscience, Bristol, UK) 
at a dose of 0.1 mg/kg (Melani et al. 2014) for four weeks.

Experimental procedure

At the end of the study, rats were weighed and anesthetized 
with an intraperitoneal injection of phenobarbital sodium 
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(El-Gomhoreya Co., Egypt) at a dose of 40 mg/kg a�er 8 h of 
fasting. Blood samples were collected from retro-orbital 
veins and centrifuged at 4000 rpm for 10 min. �e separated 
serum was then stored at −80°C for subsequent biochemical 
analysis. �en, the right tibiae were dissected out and stored 
at −80°C for the determination of quantitative RT-PCR (real-
time polymerase chain reaction) studies, whereas the le� 
tibiae were dissected out and �xed in 10% formaldehyde for 
further histopathological analysis. Researchers were blinded 
during outcome assessment and data analysis.

Biochemical analysis

Fasting serum glucose, calcium, and phosphorus were 
measured by the colorimetric method using kits supplied 
by Elabscience, USA. Serum glutathione peroxidase was 
measured by the ultraviolet method using a kit supplied by 
Biodiagnostic, Egypt. Serum malondialdehyde (MDA) was 
measured by the colorimetric method using a kit supplied 
by Biodiagnostic, Egypt. Serum levels of insulin, tumor ne-
crosis factor α (TNF-α), and osteocalcin were measured by 
an enzyme-linked immunosorbent assay (ELISA) technique 
using Rat ELISA kits supplied by CUSABIO, China, accord-
ing to the manufacturer’s protocol (Cat. No. CSB-E05070r, 
CSB-E11987r, and CSB-E05129r, respectively).

Quantitative real-time polymerase chain reaction (RT-qPCR)

The rat bone samples were transferred to a  pre-chilled 
RNAlater-ice-�lled Eppendorf. �e bone samples were me-
ticulously extracted from the RNAlater-ice-�lled Eppendorf 
using sterile forceps. �e samples were dissected with a nail 
nipper to obtain pieces of thickness less than 0.5 cm. Each 
sample was reweighed to ensure it did not exceed 30 mg. 
A�er weighing, the dissected bone tissue was transferred 
into pre-chilled homogenization tubes containing TRIzol. 
�e homogenate was centrifuged at 12,000 × g for 5 min at 
4°C. A�er centrifugation, the clear supernatant containing 
RNA was cautiously transferred to fresh 2  ml  eppendorf 
tubes. Subsequently, 0.3 ml of chloroform was added to each 
supernatant tube and vigorously shaken. �e samples were 
centrifuged at 12,000 × g for 15 min at 4°C, separating the 
upper colorless aqueous and lower pink phenol-chloroform 
phases. �e subsequent steps involved the transfer of the 
aqueous phase and additional centrifugations to isolate the 
RNA using the RNeasy Mini Kit (Cat. No. 74104, Qiagen, 
Germany) according to the manufacturer’s instructions. 
RNA was reversely transcribed into complementary DNA 
(cDNA) using an RT2 First-Strand Kit (Cat. No. 303404, 
Qiagen, Germany). SYBR Green-based quantitative real-
time PCR ampli�cation and analysis were performed using 
an Applied Biosystem with so�ware version 3.1 (StepOne™, 
USA). �e relative quantitation was calculated according to 

Applied Biosystem so�ware using the 2−∆∆Ct method (Livak 
and Schmittgen 2001) and the results were expressed relative 
to the gene expression levels in the control group. �e primer 
pair sequences used for each gene are listed as follows: Rankl 
(forward primer: 5’-GACAGCACGCGCTGCTTCTA-3’; 
reverse primer: 5’-CCACATCGAGCCACGAACCT-3’); Opg 
(forward primer: 5’-GAGTGTGCGAATGTGAGGAA-3’; 
reverse primer: 5’-AATTAGCAGGAGGCCAAGTG-3’); 
Ctnnb1 (forward primer: 5’-CATGGGTGGAACACAG-
CA-3’; reverse primer: 5’-CCCAGTGCACCCTTCAAC-3’); 
Sost (forward primer: 5’-GCACCATGCAGCTCTCACTA-3’; 
reverse primer: 5’-GCTGTACTCGGACACGTCTT-3’); 
Runx2 (forward primer: 5’-CAGACCAGCAGCAGCACTC-
CATA-3’; reverse primer: 5’-CGCCAGACAGACTCATC-
CAT-3’).

Histopathological preparation and histomorphometrical 
analysis

�e le� tibiae were �xed in 10% formaldehyde for two days. 
�en they were immersed in a  decalcifying agent, a  10% 
disodium EDTA solution (Elgomhorya Co., Egypt), which 
was changed daily for 8 weeks. A�er complete decalci�ca-
tion, all specimens were dehydrated in ascending grades of 
ethanol. A�erwards, they were stained with hematoxylin and 
eosin (HandE) (Suvarna et al. 2018), viewed, and analyzed 
by a light microscope (Zeiss, Germany) equipped with an 
Axiocam camera.

Cortical and trabecular bone thickness of the le� tibiae 
were determined with histomorphometrical analysis us-
ing a computer-mounted Leica Q Win V.3 image analyzer 
program. �e computer was connected to a Leica DM2500 
microscope. �e trabecular thickness was measured at their 
midpoint, away from their branching areas at the proximal 
tibial epiphysis, and the cortical thickness was measured at 
the mid sha� at objective lens ×10, and the data were report-
ed in µm. Measurements were taken from three di�erent sec-
tions obtained from each rat. �ree selected non-overlapping 
�elds were examined for each section. �e results obtained 
were averaged to obtain a mean per rat for each of the corti-
cal and trabecular bone thicknesses. �en the mean of each 
group was calculated, and statistical analysis was carried out. 
All parameters were compiled according to the guidelines 
of the Nomenclature Committee of the American Society of 
Bone and Mineral Research (Dempster et al. 2013).

Statistical analysis

Results were expressed as mean ± SEM. Normality was as-
certained by the Shapiro-Wilk test. �e data were analyzed 
using SPSS 20.0 so�ware (IBM, Chicago, IL, USA), one-way 
variance analysis (ANOVA), and least signi�cant di�erence 
(LSD). Pearson’s correlation coe�cient was used to calculate 
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correlations between groups. A p value of <0.05 was consid-
ered statistically signi�cant.

Results

Body weight (BW) changes

There were no significant differences in the initial BW 
between the di�erent groups. Final BW was reduced in the 
untreated diabetic groups (DIOa and DIOb) compared to the 
control group (p < 0.001). Both insulin and CGS-21680 (the 
A2AAR agonist) treatments increased �nal BW compared to 
the untreated diabetic groups (p < 0.001 and p < 0.05), but 
were still signi�cantly lower than the control group (p < 0.001 
for both). �ere was no signi�cant change detected between 
the two treated diabetic groups (Table 1).

Glycemic state changes

Untreated diabetic groups showed signi�cantly decreased 
serum insulin levels and increased fasting serum glucose 
(FSG) levels compared to the control group (p < 0.001 for 
both). Both insulin and the A2AAR agonist treatments 
increased serum insulin levels (p < 0.001 and p < 0.01) and 
decreased FSG levels (p < 0.001 for both). FSG levels were 
still signi�cantly higher (p < 0.001 for both); while serum 
insulin levels were signi�cantly lower (p < 0.05 and p < 0.001) 
in the I-DIO and A-DIO groups compared to the control 
group. �e A-DIO group showed signi�cantly higher FSG 
levels (p < 0.01) and lower serum insulin levels (p < 0.001) 
than the I-DIO group (Fig. 1).

In�ammatory and oxidative stress states

Untreated diabetic groups showed increased serum TNF-α 
and MDA levels with decreased GPx activity compared to the 
control group (p < 0.001 for all). Both treated diabetic groups 
showed signi�cant decreases in serum levels of TNF-α and 

Figure 1. Changes in (A) FSG (fasting serum glucose level) and (B) 
serum insulin level. Data are expressed as the mean ± SEM (n = 
8). C, control group; (DIO)a, diabetic-induced osteoporosis group 
a; (DIO)b, diabetic-induced osteoporosis group b – diabetic rats 
received daily intraperitoneal injections (1 ml/kg) of 10% dimethyl 
sulfoxide (DMSO) solution for four weeks; I-DIO, insulin-treated 
diabetic-induced osteoporosis group; A-DIO, A2A adenosine recep-
tor agonist-treated diabetic-induced osteoporosis group. * p < 0.05, 
*** p < 0.001 vs. C group; ## p < 0.01, ### p < 0.001 vs. (DIO)a group; 
&& p < 0.01, &&&p < 0.001 vs. (DIO)b group; §§ p < 0.01, §§§ p < 
0.001 vs. I-DIO group.

A

B

Table 1. Changes in body weight (BW) and serum levels of osteocalcin, calcium, and phosphorus 

Parameter C
(n = 8)

(DIO)a
(n = 8)

(DIO)b
(n = 8)

I-DIO
(n = 8)

A-DIO
(n = 8)

Initial BW (g) 196.62 ± 3.24 197.50 ± 3.54 194.37 ± 3.76 193.25 ± 2.88 194.62 ± 2.86
Final BW (g) 285.00 ± 3.98 198.62 ± 3.62*** 196.50 ± 3.61*** 228.25 ± 8.80***,###,&&& 216.00 ± 5.22***,#,&

Osteocalcin (pg/ml) 2.78 ± 0.20 9.70 ± 0.75*** 10.56 ± 0.96*** 5.05 ± 0.45*,###,&&& 4.01 ± 0.42###,&&&

Calcium (mg/dl) 10.07 ± 0.15 9.77 ± 0.22 9.89 ± 0.22 9.96 ± 0.19 10.01 ± 0.18
Phosphorus (mg/dl) 4.91 ± 0.15 4.87 ± 0.14 4.99 ± 0.19 4.67 ± 0.13 4.72 ± 0.13

Data are expressed as the mean ± SEM (n = 8). * p <0.05, *** p <0.001 vs. C group; # p < 0.05, ### p < 0.001 vs. (DIO)a group; & p < 0.05, 
&&& p < 0.001 vs. (DIO)b group. C, control group; (DIO)a, diabetic-induced osteoporosis group a; (DIO)b, diabetic-induced osteoporosis 
group b – diabetic rats received daily intraperitoneal injections (1 ml/kg) of 10% dimethyl sulfoxide (DMSO) solution for four weeks; I-DIO, 
insulin-treated diabetic-induced osteoporosis group; A-DIO, A2A adenosine receptor agonist-treated diabetic-induced osteoporosis group.
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MDA, with a signi�cant increase in GPx activity compared 
to the untreated diabetic groups (p < 0.001 for all). Serum 
TNF-α and GPx activity were still signi�cantly di�erent from 
the control, whereas serum MDA reached the control level. 
No signi�cant changes were observed between the I-DIO 
and A-DIO groups (Fig. 2).

Serum levels of osteocalcin, calcium, and phosphorus 

Serum osteocalcin levels were signi�cantly higher in the 
untreated diabetic groups compared to the control group 
(p < 0.001). I-DIO and A-DIO groups showed signi�cant 
decreases in serum osteocalcin levels compared to the 
untreated diabetic groups (p < 0.001 for both). Compared 
to the control group, serum osteocalcin levels were non-
signi�cantly di�erent from those in the A-DIO group 
while still signi�cantly higher in the I-DIO group (p  < 
0.05). �e treated diabetic groups were not signi�cantly 
di�erent from each other. Serum calcium and phospho-
rus levels showed non-signi�cant changes in all studied 
groups (Table 1).

Bone Opg and Rankl expressions and the Rankl/Opg ratio

A signi�cant decrease in Opg and a signi�cant increase in 
Rankl relative expression and the Rankl/Opg ratio were ob-
served in the untreated diabetic rat’s tibia compared to the 
control group (p < 0.001 for all). 

Opg relative expression signi�cantly increased a�er treat-
ment with either insulin or CGS-21680 compared to the 
untreated diabetic groups, whereas Rankl relative expression 
and the Rankl/Opg ratio decreased (p < 0.001 for all). 

Compared to the control group, in both treated groups, 
Opg was still signi�cantly lower (p < 0.001), and the Rankl/
Opg ratio was not significantly changed. Rankl relative 
expression was still signi�cantly higher (p  < 0.01) in the 
I-DIO group, while it was comparable to the control group 
in A-DIO.

�e A-DIO group showed a signi�cant decrease in Rankl 
relative expression and an increase in Opg relative expres-
sion (p < 0.05 for both) when compared to the I-DIO group; 
however, the Rankl/Opg ratio was non-signi�cantly di�erent. 
(Fig. 3A–C)

Changes in bone Runx2, Ctnnb1, and Sost expressions

In untreated diabetic groups, the relative expressions of 
Runx2 and Sost were increased while that of Ctnnb1 was 
decreased compared to the control group (p < 0.001). A�er 
treatment with insulin or CGS-21680, there was a signi�cant 
decrease in Runx2 and Sost and an increase in Ctnnb1 relative 
expression (p < 0.001 for all) that were still signi�cantly dif-
ferent compared to the control group. A signi�cant increase 

Figure 2. Changes in (A) serum TNF-α (tumor necrosis factor α), 
(B) serum malondialdehyde (MDA), and (C) serum glutathione 
peroxidase (GPx) in di�erent studied groups. Data are expressed 
as the mean ± SEM (n = 8). * p < 0.05, ** p < 0.01, *** p < 0.001 vs. 
C group; ### p < 0.001 vs. (DIO)a group; &&& p < 0.001 vs. (DIO)b 
group. For more abbreviations, see Figure 1.

A

B
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in Ctnnb1 relative expression was observed in the A-DIO 
group compared to the I-DIO group (p < 0.05), with no sig-
ni�cant di�erence detected between them regarding Runx2 
and Sost relative expressions (Fig. 3D–F).
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Figure 3. Relative expression levels of: (A) Rankl (receptor activator of nuclear factor kappa-Β ligand), (B) Opg (osteoprotegerin), (C) 
Rankl/Opg ratio, (D) Runx2 (receptor activator of nuclear factor kappa-Β ligand), (E) Ctnnb1 (β-catenin), and (F) (Sost) sclerostin in 
rat’s tibia. Data are expressed as the mean ± SEM (n = 8). * p < 0.05, ** p < 0.01, *** p < 0.001 vs. C group; ### p < 0.001 vs. (DIO)a group; 
&&& p < 0.001 vs. (DIO)b group; § p < 0.05 vs. I-DIO group. For more abbreviations, see Figure 1.

E�ect on bone microarchitecture

In the control rats, HandE-stained longitudinal sections of 
the tibia revealed average cortical thickness with a regular 
meshwork of trabecular bone (Fig. 4A).

�e cortical bone thickness of the untreated diabetic rats be-
came thinner with irregularly eroded bony trabeculae (Fig. 4A). 

Following insulin or CGS-21680 treatment, cortical bone 
thickness increased with well-organized bone lamellae and 
well-developed bone trabeculae (Fig. 4A). 

A

C

E

B

D

F
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In histomorphometry, cortical and trabecular bone thick-
ness showed a signi�cant decrease (p < 0.001 for all) in the 
untreated diabetic groups compared to the control group. 
�ese parameters were signi�cantly increased in the treated 
groups (p < 0.001 for all) compared to the untreated diabetic 
groups. �ey were still signi�cantly lower than the control 
group (p < 0.001 for both) in the I-DIO group but reached 
the control values in the A-DIO group (Fig. 4B,C).

Correlation studies

As shown in Table 2, FSG, serum TNF-α, and MDA levels 
showed a signi�cant positive correlation with Rankl and Sost 
relative expressions (p < 0.001), while they showed a sig-
ni�cant negative correlation with Opg and Ctnnb1 relative 
expressions (p  < 0.001) and tibial cortical and trabecular 
bone thickness (p < 0.001). Moreover, a signi�cant positive 
correlation was detected between fasting serum glucose and 
both serum MDA and TNF-α. 

Ctnnb1 relative expression was positively correlated with 
Opg relative expression, while it was negatively correlated 
with Rankl, Runx2, and Sost relative expressions. �ere was 
a signi�cant positive correlation between Rankl, Runx2, and 
Sost relative expressions (p < 0.001). Opg relative expression 
correlated negatively with Rankl, Runx2, and Sost relative 
expressions (Table 2). 

Tibial cortical and trabecular bone thickness were nega-
tively correlated with Rankl, Runx2, and Sost relative expres-

sions, while they were positively correlated with Opg and 
Ctnnb1 relative expressions (p < 0.001) (Table 2). 

Discussion

The present study demonstrated the effects of A2AAR 
stimulation on bone integrity in a type 1 diabetic-induced 
osteoporosis model in comparison to insulin treatment.

STZ is cytotoxic to β-cells; it is taken up by pancreatic 
β-cells via the GLUT2 transporter, where it causes β-cell 
death by DNA fragmentation, leading to hyperglycemia 
(Eleazu et al. 2013). �is hyperglycemia can increase mi-
tochondrial production of reactive oxygen species (ROS), 
leading to intracellular oxidative stress and in�ammation 
with consequent β-cell dysfunction and death (Tangvarasit-
tichai 2015; Li and Shen 2019). In the present study, both 
insulin and the A2AAR agonist improved the glycemic state, 
which might halt further β-cell dysfunction that results 
from mitochondrial glucotoxicity (Wu and Yan 2015). 
�e improvement in glycemic state in the A2AAR-agonist-
treated diabetic group can be attributed to the antioxidant 
and anti-in�ammatory e�ects of the A2AAR signaling, as 
evidenced by the decreased serum MDA and TNF-α levels 
and the increased serum GPx activity. Also, fasting serum 
glucose levels were signi�cantly positively correlated with 
serum MDA and TNF-α levels and negatively correlated with 
serum GPx activity. �is is consistent with previous stud-

Table 2. Correlations between glycemic indices, oxidative stress, in�ammatory markers, bone-regulating gene 
relative expressions, and bone histomorphometry

FSG Rankl Opg Runx2 Ctnnb1 Sost Ct � Tb �

FSG 
r 1 0.85 −0.89 0.93 −0.87 0.85 −0.78 −0.86
p ≤0.001 ≤0.001 ≤0.001 ≤0.001 ≤0.001 ≤0.001 ≤0.001

TNF-α 
r 0.87 0.86 −0.86 0.85 −0.84 0.77 −0.80 −0.85
p ≤0.001 ≤0.001 ≤0.001 ≤0.001 ≤0.001 ≤0.001 ≤0.001 ≤0.001

MDA 
r 0.82 0.68 −0.83 0.87 −0.81 0.76 −0.73 −0.78
p ≤0.001 ≤0.001 ≤0.001 ≤0.001 ≤0.001 ≤0.001 ≤0.001 ≤0.001

Rankl 
r 0.85 1 −0.87 0.85 −0.84 0.81 −0.82 −0.85
p ≤0.001 ≤0.001 ≤0.001 ≤0.001 ≤0.001 ≤0.001 ≤0.001

Opg 
r −0.89 −0.87 1 −0.93 0.93 −0.85 0.86 0.90
p ≤0.001 ≤0.001 ≤0.001 ≤0.001 ≤0.001 ≤0.001 ≤0.001

Runx2 
r 0.93 0.85 −0.93 1 −0.91 0.91 −0.85 −0.89
p ≤0.001 ≤0.001 ≤0.001 ≤0.001 ≤0.001 ≤0.001 ≤0.001 ≤0.001

Ctnnb1
r −0.87 −0.84 0.93 −0.91 1 −0.88 0.90 0.93
p ≤0.001 ≤0.001 ≤0.001 ≤0.001 ≤0.001 ≤0.001 ≤0.001

Sost 
r 0.85 0.81 −0.85 0.91 −0.88 1 −0.82 −0.84
p ≤0.001 ≤0.001 ≤0.001 ≤0.001 ≤0.001 ≤0.001 ≤0.001

Data are expressed as r values. FSG, fasting serum glucose; TNF-α, tumor necrosis factor α; MDA, malondial-
dehyde; Rankl, receptor activator of nuclear factor kappa-B ligand, Opg, osteoprotegerin; Runx2, runt-related 
transcription factor-2; Ctnnb1, β-catenin; Sost, sclerostin; Ct �, cortical thickness; Tb �, trabecular thickness.
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ies that demonstrated that A2AAR stimulation can inhibit 
the generation of ROS, reduce DNA damage, and oxidative 
stress-induced apoptosis through a cAMP/PKA-dependent 
pathway (Nadeem et al. 2007; Chiu et al. 2015). In the same 
context, Kong et al. reported an increase in GPx activity a�er 
A2AAR agonist administration in a rat model of in�amma-
tory lung disease (Kong et al. 2019).

In addition, the recorded improvement of bone me-
tabolism in the present study, indicated by the increased 
expression of Opg and the decreased expression of Rankl and 
Sost, can explain the bene�cial e�ect of A2AAR stimulation 
on glycemic state. Recent advances in bone biology have 
highlighted the importance of bone as an endocrine organ 
that might regulate insulin signaling and glucose tolerance 
(Faienza et al. 2015). Fasting serum glucose level was posi-
tively correlated with Rankl and Sost relative expressions and 
negatively correlated with Opg relative expression. �is goes 
with the Xiang et al. (2023) suggestion that inhibition of 
RANKL, a bone resorping marker, improved hepatic insulin 
sensitivity and a�ected β-cell function. Also, sclerostin-
de�cient mice exhibited a reduction in white adipose tissue 
accumulation, along with corresponding enhancements in 
glucose and fatty acid metabolism and increased insulin 
sensitivity (Kim et al. 2017). Similarly, in vitro, osteoprote-
gerin (OPG) treatment of pancreatic β-cell lines decreased 
insulin release following glucose stimulation, thus preventing 
exhaustion of β-cell function (Kuroda et al. 2016). Further-
more, A2AAR activation might stimulate β-cell proliferation 
and regeneration (Andersson et al. 2012).

�erefore, the improvement in the oxidative stress and 
in�ammatory states and the bone metabolic markers in 
the A2AAR-agonist-treated group could be the underlying 
mechanisms that improved the glycemic state in this group.

�e STZ-induced hypoinsulinemia in untreated diabetic 
rats resulted in the wasting of fat stores, which explained the 
signi�cant decrease in BW gain in diabetic groups (How-
arth et al. 2005). Insulin treatment partially recovered BW 
owing to its ability to inhibit protein catabolism, stimulate 
lipogenesis, and slow basal metabolism (Mottalib et al. 
2017). Despite previous claims that adenosine agonists 
might activate lipolysis and increase energy expenditure 
(DeOliveira et al. 2017), in this study, CGS-21680 reduced 
weight loss, which may be related to the improvement in 
serum insulin levels.

In this study, the untreated diabetic rats showed deterio-
ration in bone microarchitecture. Insulin and the A2AAR 
agonist treatments promoted bone regeneration. These 
protective e�ects can be mediated by either enhancing os-
teoblastogenesis or inhibiting osteoclastogenesis.

To understand the mechanisms by which insulin and 
the A2AAR agonist restored bone microarchitecture, we 
investigated RANK/RANKL/OPG and the canonical 
Wnt/β-catenin pathways.

�e RANK/RANKL/OPG signaling pathway is involved 
in the process of osteoclastogenesis. RANKL can bind to its 
receptor, RANK, on osteoclasts and stimulate their matu-
ration and di�erentiation (Zhao et al. 2020). �e action of 
RANKL is blocked by OPG, which prevents the binding of 
RANKL to the RANK receptor, inhibiting bone resorption 
(Domazetovic et al. 2017), whereas β-catenin, a  central 
component in the canonical Wnt signaling pathway, plays 
an important role in osteoblastogenesis (Borhani et al. 2019).

In the current study, insulin and the A2AAR agonist 
treatments upregulate Ctnnb1 and Opg expressions, whereas 
they downregulate Rankl and Sost, a Wnt antagonist, and 
decrease the Rankl/Opg ratio, an index of bone resorption 
(Domazetovic et al. 2017).

A2AAR activation increases cellular β-catenin levels and 
enhances its phosphorylation to deliver signals critical for 
bone formation (Borhani et al. 2019). β-catenin has also been 
reported to promote the production of OPG, thus inhibit-
ing osteoclastogenesis (Kurgan et al. 2019). Herein, Ctnnb1 
expression was positively associated with Opg expression 
and negatively correlated with Rankl expression. In addi-
tion, cortical and trabecular bone thickness were positively 
associated with Ctnnb1 and Opg expressions, while they 
were negatively associated with Rankl and Sost expressions. 
In agreement with this study, increased bone cortical and 
trabecular thickness, bone regeneration, and healing were 
linked to insulin (Nyman et al. 2017) and A2AAR stimulation 
(Mediero et al. 2015).

Therefore, the significant increase in β-catenin gene 
expression in the treated groups may mediate the bone 
improvement. �is crosstalk between insulin, A2AAR, and 
Wnt/β-catenin signaling goes in line with previous studies 
that showed the ability of insulin (Cabrae et al. 2020) and 
A2AAR signaling (Zhang et al. 2017; Borhani et al. 2019) to 
activate the Wnt/β-catenin pathway. 

�e improvement in diabetic-induced osteoporosis could 
also be attributed to the reduction in blood glucose or the 
restoration of the anabolic e�ect of insulin on bone (Gomes 
et al. 2019). Hyperglycemia exerts an inhibitory e�ect on 
the canonical Wnt pathway by upregulating Sost expression 
in osteocytes (Pacicca et al. 2019). In this study, FSG was 
positively associated with Rankl and Sost expressions and 
negatively associated with Ctnnb1 and Opg expressions.

Furthermore, the improvement in hyperglycemia-associ-
ated oxidative stress and in�ammation denoted by the sig-
ni�cant decrease in serum MDA and TNF-α levels, together 
with the increased GPx activity in the insulin and A2AAR 
agonist-treated groups, could also explain the mitigation of 
osteoporotic changes induced by DM. ROS reduce osteoblast 
activity and their rate of OPG production (Romagnoli et 
al. 2013), induce apoptosis in osteoblasts, and reduce their 
di�erentiation ability (Ma et al. 2014). Apoptotic osteoblasts 
and osteocytes produce high levels of sclerostin, which blocks 
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OPG synthesis by inhibiting the Wnt/β-catenin pathway in 
these cells and impairing bone formation (Pietrzyk et al. 
2017). In addition, ROS activates the di�erentiation of pre-
osteoclasts into osteoclasts by upregulating Rankl expression 
and downregulating Opg expression (Fontani et al. 2015). 
Furthermore, increased TNF-α levels due to hyperglycemia 
may impair osteoblast proliferation and stimulate osteo-
blast apoptosis (Costantini and Conte 2019; Qi et al. 2021). 
TNF-α acts as a pro-resorptive factor as it stimulates RANKL 
expression in osteoblasts (Murray and Coleman 2019). In 
the present study, both MDA and TNF-α serum levels were 
positively correlated with Rankl and Sost expressions and 
were negatively correlated with Ctnnb1 and Opg expression 
and both cortical and trabecular bone thickness. �erefore, 
the anti-oxidative and anti-in�ammatory e�ects of insulin 
(Sun et al. 2014) and the A2AAR agonist (Kong et al. 2019) 
mitigated bone resorption. 

Elevated serum osteocalcin levels and Runx2 expression 
in the untreated diabetic groups, although they are indicators 
of osteoblast di�erentiation (Costantini and Conte 2019), 
re�ected increased osteoclastic bone resorption with leakage 
of a large fraction of osteocalcin into the systemic circulation 
(Greenblatt et al. 2017) and a high bone turnover state with 
an attempted compensatory response. 

Haxaire et al. (2016) demonstrated that overexpression of 
Runx2 inhibits the canonical Wnt/β-catenin pathway, down-
regulates Opg, and upregulates Rankl expression, increasing 
the Rankl/Opg ratio in cells of the osteoblastic lineage and 
hence enhancing bone resorption. Similarly, in this study, 
Runx2 expression showed a negative correlation with Opg 
expression and a  positive correlation with Rankl expres-
sion. Both insulin and the A2AAR agonist restored serum 
osteocalcin and Runx2 expression levels. �e insigni�cant 
di�erences between serum calcium and phosphorus in spite 
of increased bone resorption in the untreated diabetic groups 
could result from osmotic diuresis in hyperglycemic states 
(Yang et al. 2020). 

Conclusion

A2AAR agonist treatment can ameliorate diabetic-induced 
osteoporosis. �is osteoanabolic e�ect could be mediated, in 
part, via enhancing β-catenin gene expression, with conse-
quent upregulation of Opg and downregulation of Rankl gene 
expression, as well as the anti-oxidative and anti-in�ammato-
ry e�ects of A2AAR activation, which dampen in�ammatory 
bone destruction. In addition, the improvements in bone 
metabolism may favor glycemic control. �erefore, A2AAR 
stimulation may serve as a promising agent for controlling 
osteoporotic bone changes in diabetic patients.
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