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ARTICLE INFO ABSTRACT

Article History Background: Long-term glucocorticoid administration represents the main source
Received:5/12/2023 of 2 osteoporosis, jeopardizing bone to fracture and loss. This study presents an
Accepted:10/1/2024 innovation regarding the alterations in the osteoporotic Wnt/B-catenin signal

Auvailable:14/1/2024 encouraged by dexamethasone through studying some markers implicated in the

proliferation and differentiation of the major bone remodeling cells using in silico
Keywords: and in vivo studies. Methods and Results: Docked models were used to visualize
Glucocorticoids, and evaluate the binding of dexamethasone (DEXA) towards main bone
HSCs, MSCs, remodeling modulators. Regarding the in vivo study, sixteen Sprague-Dawley

Oxidati adult males were designated into a control group administered saline, and an
xidative SFreSS’ osteoporosis-induced group was administered 1 mg/kg DEXA intraperitoneally
Osteoporosis, Wnt  gaily for 6 weeks. The molecular docking demonstrated binding and interactions
signaling. between DEXA and main bone remodeling targets. DEXA treatment caused
osteoporotic changes in femoral microscopy, increased femoral oxidative stress,
elevated proliferation markers, raised osteoblast differentiation inhibitor,
diminished markers for osteoblasts differentiation, and increased markers for
differentiation of osteoclasts and adipocytes. Conclusions: Glucocorticoid-
induced osteoporosis is manifested through an intensified proliferation of HSCs
and MSCs via escalating and changing the Wnt signaling, which acts as a
communicator between both cell populations. These alterations brought about the
track-change of MSCs differentiation from the osteoblastic to the adipocytic track
and accelerated osteoclastic differentiation.

INTRODUCTION

Glucocorticoids (GCs) have been widely used for more than 70 years (Annane, 2021).
Hench was awarded the Nobel Prize in 1950 for GCs discovery and its effects on established
rheumatoid arthritis (Jung et al., 2008). Since then, exogenous GCs such as dexamethasone
(DEXA) and prednisolone, have been widely prescribed in treating various inflammatory,
autoimmune, and allergic disorders, such as the current pandemic COVID-19, rheumatoid
arthritis, transplant rejection, and asthma (Vandewalle et al., 2018; Annane, 2021). However,
GC administration is associated with iatrogenic complications earned to two facts; first is the
fundamental role of GCs in metabolic homeostasis, inflammation, as well as cell proliferation
and differentiation (Rhen and Cidlowski, 2005; VVandewalle et al., 2018).
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Second is that the doses required to
achieve or maintain these equivalent
efficacies are often higher than the actual
required dose. Moreover, the long-term use of
GC affects its perceived safety advantages
(Chotiyarnwong and McCloskey, 2020).
Some of the common iatrogenic
complications  associated  with  GC
administration include centripetal obesity,
insulin ~ resistance,  diabetes  mellitus,
immunodeficiency, infertility, and
glucocorticoid-induced osteoporosis (GIO)
(Buckingham, 2006).

Bone is a dynamic mineralized
connective  tissue  under  continuous
remodeling through the balanced
collaboration between the two main bone cell
types; the bone-forming osteoblasts and the
bone resorptive osteoclasts and their adult
stem cells proliferating precursors (Chalmers,
1978; Marie, 1992; Frenkel et al., 2015).
Osteoblasts originate from mesenchymal
stem cells (MSCs). These stem cells can also
develop into other cell lineages as adipocytes
and chondrocytes (Saud, Malla and Shrestha,
2019). In contrast, osteoclasts originate from
hematopoietic stem cells (HSCs) (Martin,
Sims and Quinn, 2011).

Osteoporosis (OP), a silent bone
metabolic disorder, increased in prevalence
while remaining largely underdiagnosed and
undertreated. OP is depicted by an impaired
bone microarchitecture and mass, affecting its
strength and greatly increasing the risks of
bone fracture, bone deformity, morbidity, and
mortality (Lin and Lane, 2004; Wang et al.,
2020).

Long-term  administration  of
synthetic GCs can trigger secondary
osteoporotic features in males and females.
These  features encompass enhanced
osteoclasts differentiation, inhibited
osteoblastogenesis, and promoted osteoblasts
apoptosis, causing an intensified bone
resorption and a declined bone formation
(Chiodini et al., 2020; Chotiyarnwong and
McCloskey, 2020). In vivo studies present an
intricated and integrated phenotype provided
by the real microenvironment of their cellular

compartments (Sui et al., 2018). The
redundant cellular compartment of the bone
marrow niche provides these cells with
complex activities and a variety of signaling
pathways, however, the exact role of each cell
type remains a mystery and an opportunity for
researchers (Takam Kamga et al., 2021).
Extensive in vitro and in vivo studies describe
the onset of GIO. Yet, none of these studies
were able to determine whether the increased
adipocytes and osteoclasts were from a direct
differentiation from an existing pool of their
precursors or an increase in the proliferation
of these precursors. Former in vitro studies
described the capability of GCs to boost the
proliferation of HSCs and MSCs through the
activation of the Wnt/B-catenin signal in these
cells, though this hasn’t been reported in vivo
studies (Han et al., 2019). Molecular docking
analysis is a discipline of bioinformatics and
a computational biological tool used to
predict, determine, and evaluate the effects of
specific compounds on the action of several
biological targets (Garcia-Moreno et al.,
2023). Here, a wide array of markers involved
in the proliferation and differentiation of bone
remodeling cells were collectively measured
in bone tissue. With the aid of docking
analysis, the present in silico and in vivo
studies provide a new perspective regarding
the association between GCs and altered
Wnt/B-catenin signal in the bone tissue of
adult male Sprague-Dawley rats.
MATERIALS AND METHODS

1-Chemicals:

Dexamethasone, p-nitrobenzyl
chloride, thiobarbituric acid, 5,5-dithio-bis-2-
nitrobenzoic acid, cumene H»O, and reduced
glutathione (GSH) were acquired from
Sigma-Aldrich (St. Louis, MO, USA). ELISA
kits for peroxisome proliferator-activated
receptor (PPARy), CD90, Osteocalcin
(OCN), p38, and tartrate-resistant acid
phosphatase (TRAP) were bought from
INOVA, China. The total protein kit and
Alkaline phosphatase (ALP) kit were bought
from Spectrum, Egypt. Furthermore, qPCR
kits were purchased from iNtRON
Biotechnology, Korea; including total RNA
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extraction (Easy redTM), cDNA synthesis,
and 2X SYBR green master mix. In addition,
primers of the main bone remodeling targets
were acquired from Invitrogen, Thermo
Fisher Scientific, USA. Other high-grade
chemicals were also obtained.
2-In silico Bioinformatics Analysis:
Dynamic ~ molecular  docking
simulation analyses was carried out to
visualize, predict, and evaluate the
interactions between DEXA (MF: C22H29FOs,
MW:392.5g/moL, C1D:5743) and some of the
bone remodeling modulators as the crystal
structures of homo sapiens B-catenin (PDB
DOI:7ZRB, 3.43A) (Low et al., 2021; Wang,
Li and Ji, 2021; Nalli et al., 2022), tartrate-
resistant acid phosphatase (TRAP, PDB
DOI:2BQ8, 2.20A) (Strater et al., 2005),
ligand-binding  domains  (LBDs)  of
peroxisome proliferator-activated receptor y
(PPARy, PDB DOI:117I, 2.35A) (Cronet et
al., 2001), Lowe-density-lipoprotein (LDL)
receptor-related proteins 5/6 (LRP5/6)-
Dickkopf 1 (DKK1) complex (LRP6-DKK1,
PDB DOI:3S8V, 3.10A) (Cheng et al., 2011),
and receptor activator of nuclear factor kappa
B ligand-Osteoprotegerin complex (RANKL-
OPG, PDB DOI:3URF, 2.70A) (Luan et al.,
2012), The crystal structure protein files were
obtained as a PDB format from the RCSB-
PDB database (http://www.rcsb.org/). The
chemical structure of DEXA was obtained
from the PubChem database
(https://pubchem.ncbi.nim.nih.gov/). By the
ACD/ChemSketch software, DEXA was
drawn, cleaned, optimized, and observed as a
.mol format file. Then, it was converted to the
PDB format file by using OpenBabel v2.3.2
software.  Furthermore, protein energy
minimization was carried out by using the
Swiss-PDBViewer v4.1.0 program. The
molecular docking simulation tool; Autodock
4.2.6, was utilized to explore the ligand-
protein estimated free energy binding scores
(Kcal/moL). The grid box properties were
0.375A spacing, 13.531X-, 40.148Y-, and
78.91Z-center as well as 180 as a number of
points in X-, Y-, and Z-dimensions. If the
binding energy is <—5 kJ/moL, it represents
that the targets have a certain binding affinity

toward their ligand (Gaillard, 2018). The
lowest estimated binding energy represents
the best docking effect. After docking, DEXA
with the lowest estimated free energy of
binding toward p-catenin(B), TRAP(X),
PPARY(B), LRP6(A)-DKK1(X), and
RANKL(A)-OPG(Z) chains, was selected to
visualize the ligand-protein interaction by
using LigPlot+ v.2.2.7 software.
3-Experimental Design:

All animal procedures obeyed the
ARRIVE guidelines and were executed in
compliance with the Institutional Animal
Care and Use Committee (IACUC Protocol
Approval No: 44-13M-9021), Alexandria
University. This fulfills the guides for
laboratory animal care and use announced by
the National Institutes of Health (NIH
Publications No. 8023). The study received an
ethical clearance from the research ethics
review committee, at Alexandria University
(04/23/04/27/634). Sixteen male adult rats
(150-170 g) of the Sprague-Dawley strain
were obtained from the animal house
belonging to the Graduate Studies and
Research Institute, Alexandria University,
Alexandria, Egypt. Polypropylene cages (4
animals/cage) were used for rat housing, a
normal standard diet was used for animal feed
and tap water was accessible. Animals were
in a controlled healthy environment with a
well-aerated room and allowed a 12/12h light-
dark cycle. Following one week of adaptation,
rats were aimlessly partitioned into two
groups (8 animals/group) as follows: the
normal control group received saline (0.9%
NaCl, 1 ml, ip) and GCs-induced
osteoporosis group that administrated 1
mg/kg dexamethasone intraperitoneally daily
for 6 weeks (Takahashi et al., 2010).
4-Blood And Bone Tissue Sampling And

Preparation:

Following the experimental period,
isoflurane inhalation was used to anesthetize
overnight fasting rats. Blood samples were
preserved at room temperature for 15 min to
permit clotting. Blood was centrifuged at
3000 rpm at 4°C for 15 min to obtain serum,
then stored at -20°C for analysis. The entire
left and right femurs were instantly isolated
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from all animals. Followed by rapid removal
of femoral muscles and connective tissues.
Four right femurs were collected for fixation
in 10% neutral buffered formalin from each
experimental group for histopathological
examination. The values of bone mass were
determined using the remaining four right
femurs. Furthermore, the left femurs were
washed with iced saline, crushed using liquid
nitrogen, randomly allotted into 2 portions,
and reserved at -80°C until usage. One portion
was used to estimate the values of the relative
MRNA expression and protein content of the
main bone target genes and proteins,
respectively. The other was homogenized into
4 volumes of iced phosphate-buffered saline
(0.1 M, pH 7.4). For biochemical estimation,
the bone homogenates were submitted for
centrifugation at 4000 rpm for 15 min at 4°C,
and the supernatant was kept at -80 °C.
5-Determination of Bone Mass:

Dual-energy X-ray absorptiometry
was utilized to detect femoral bone mineral
content (BMC, g) and bone mineral density
(BMD, g/cm?). The detection was held in
Bone Minerals Densitometry Unit, Medical
Service Unit, National Research Center,
Dokki, Egypt. BMD was evaluated as a
BMC/bone area value.
6-Spectrophotometry Assessments:

The activity of serum alkaline
phosphatase (ALP, EC 3.1.3.1., U/L) was
spectrophotometrically estimated in
accordance  with the  manufacturer’s
procedure provided by Spectrum Company,
Egypt. The concentrations of femoral bone
thiobarbituric acid reactive substances
(TBARS, pmol/mg protein), nitric oxide
(NO, pumol/g protein), and reduced
glutathione (GSH, pmol/mg protein) were
measured using previous methods (Ellman,
1959; Tappel and Zalkin, 1960; Montgomery,
H.A.C. and Dymock, 1961). Furthermore, the
activities of femoral bone glutathione-S-
transferase (GST, EC 25.1.18, U/mg
protein), glutathione peroxidase (GPx, EC
1.11.1.9, U/mg protein), and superoxide
dismutase (SOD, EC 1.15.1.1, U/mg protein)
were measured using standardized methods
(Pagliaand Valentine, 1967; Habig, Pabst and
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Jakoby, 1974; Marklund and Marklund,
1974).
7-ELISA Analysis:

The levels of OCN, PPARy, TRAP,
and p38 mitogen-activated protein kinase
(p38-MAPK) were estimated in femoral bone
homogenate using a sandwich ELISA Kit
(INOVA, China) respecting the
manufacturer’s instructions. The values of
bone p38 MAPK, and TRAP content were
calculated in ng/mg protein, while bone OCN
and PPARY were calculated in pg/mg protein.
Bone content of Cluster Differentiation
(CD105), Glycogen synthase kinase 3f3
(GSK3p), phospho-GSK3 (GSK3BpSg), and
B-catenin  were assessed by manual
quantitative ELISA technique in accordance
with the kit manufacturer’s directions
consuming rabbit polyclonal CD105 (# PA5-
80582, Invitrogen, USA), rabbit monoclonal
[B-catenin (#8480, Cell Signaling Technology,
USA), rabbit monoclonal GSK3p (#9315, Cell
Signaling Technology, USA), and rabbit
polyclonal GSK3B pSge (#abx328236, abbexa,
China). Briefly, in the wells of a polyvinyl
chloride microtiter plate duplicate samples
were prepared by the dilution of 100 ug
protein using a coating buffer
(bicarbonate/carbonate, 0.2M, pH 9.6)
followed by overnight incubation at 4 °C.
Bovine serum albumin (BSA), 5% was used as
a blocking solution to block the remaining
protein binding sites in the coated wells. 1%
blocking solution was consumed to dilute
primary and secondary antibodies to decrease
non-specific binding. The substrate solution
(p-nitrophenyl  phosphate disodium salt,
PNPP) was added after incubation with
primary and secondary antibodies (Goat anti-
rabbit 1gG, ALP, #A8025, Sigma-Aldrich,
USA). Sodium hydroxide (3 M) was utilized
to stop the reaction. a using the plate reader
(Saniafi Diagnostics Pasteur, France), the
developed color was read at 450 nm. For each
protein, a standard curve was illustrated. The
values of bone GSK3B and GSK3BpSe were
calculated in pg/mg protein, while CD105
concentration was expressed in ng/mg protein,
whereas the level of femoral bone B-catenin
was measured as pg/mg protein.



In silico and In vivo effects of dexamethasone on Wnt signal 27

8-Quantitative Real-Time Reverse
Transcription PCR (qRT-PCR) Analysis:
MIQE guidelines were used for gRT-
PCR. In accordance with the manufacturer’s
protocol provided with redTM total RNA
extraction kit (INtRON Biotechnology,
Korea), total RNA was isolated from the femur
and measured spectrophotometrically. To
obtain the reverse transcript of total RNA,
Maxime RT PreMix kit (iNtRON
Biotechnology, Korea) was utilized following
the manufacturer’s procedure. qRT-PCR
assessment was executed as follows: in each
well, a total volume of 20 pl was prepared by
adding 1 pl of cDNA, 10 uM specific primers,
10 pl ReaMOD™ Green w2 2X gPCR mix
(iNtRON Biotechnology, Korea), and RNase-
free water. Samples were loaded in duplicate.
Sequences of the studied genes primers and the
gRT-PCR conditions are described in Table 1.
The amplification step for gPCR was
accomplished with 35-40 cycles of 95°C for 20
sec, 43- 60°C for 30 sec and 72°C for 60 sec.
Roto Gene Q 5Plex HRM (Qiagen, Hilden,

Germany) with a Rotor-Gene Q software was
used for the gRT-PCR analysis. The
comparative 22T method was used. The
MRNA level of the Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) gene was
used to normalize all values. Using the
calibrator results of sham control, results were
expressed as the n-fold increase in gene
expression. Following is the primer sequences
of the used targeted genes: Low-density
lipoprotein receptor-related protein-5 (LRP5)
(Lu et al., 2017), Dickkopf-related protein 1
(DKK3) (Caricasole et al., 2004), Wingless
protein 5a (WNT5a) (Pizzino et al., 2017),
Sclerostin (SOST) (Chen et al., 2016), Runt-
related transcription factor 2 (RUNX>) (Han et
al., 2015), Osterix (OSX) (Liao et al., 2017),
Collagen, type I, alpha 1 (COL1A1) (Chen et
al., 2016), Osteoprotegerin (OPG) (An et al.,
2007), Receptor activator of nuclear factor
kappa-B ligand (RANKL) (An et al., 2007),
and Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (Maher et al.,
2020).

Table 1. Primers sequence and qRT-PCR conditions.

Gene name/ Accession Primer Sequence Annealing Number of
Number Temperature (°C) cycles
GAPDH/ F | 5 AGATCCACAACGGATACATT - 3' 52 35

NM_017008.4 R | 5'- TCCCTCAAGATTGTCAGCAA - 3'
LRPS/ F | 5 CTGCCAGGATCGCTCTGATG-3' 57 40
NM_001106321.2 R | 5'- ACACTGTTGCTTGATGAGGACACAC-3'
OPG/ F | 5'- GTTCTTGCACAGCTTCACCA-3' 54 40
NM_012870.2 R | 5'- AAACAGCCCAGTGACCATTC-3'
RANKL/ F | 5 ACCAGCATCAAAATCCCAAG-3' 52 35
NM_057149.1 R | 5'- GGCCGCTAATTTCCTCACCA-3"
DKK1/ F | 5'- GCTGCATGAGGCACGCTAT-3' 55 35
NM_001106350.1 R | 5'- AGGGCATGCATATTCCGTTT-3'
WntSa/ F | 5'- CCATGAAGAAGCCCATTGGAATA-3 60 40
NM_022631.3 R | 5'- GGCCAAAGCCATTAGGAAGAA-3'
S0ST/ F | 5'- GTGCAAGTGCAAGCGCCTCA -3' 60 40
NM_030584.2 R | §'- GCTCCGCCTGGTTGGCTTIG -3'
RUNX2/ F | 5 AGTGTGTGTGTCCGCATGAT -3' 56 40
NM_001278483.1 R | 5'- CCACTTGGGGTCTAAGAACG -3'
0SX/ F | 5'- TGAGGAAGAAGCCCATTCAC -3' 53.5 40
NM_181374.2 R | §'- ACTTCTTCTCCCGGGTGTG -3'
COLI1AY/ F | 5- CAAGGACTATGAAGTTGATGC-3' 43 40
NM_053304.1 R | 5'- ACCAGTAGAGAAATCGCAGT-3'
GAPDH, glyceraldehyde phosphate dehydrogenase; LRPS, low-density lipoprotein receptor-related protein 5; OPG,
osteoprotegerin; RANKL, receptor activator for nuclear factor-kappa B ligand; DKK 1, Dickkopf Wnt signaling pathway
inhibitor 1; Wnt5a, Wnt Family Member 5a; SOST, sclerostin; SOX9, SRY-Box Transcription Factor 9; RUNX2, Runt-
related transcription factor 2; OSX, osterix and COL1AI, collagen type 1 alpha 1.

9-Histopathological Study:

Fixation of right femoral bone
samples was carried out using 10% neutral
buffered formalin for 72 h, then embedded in
10% neutral buffered EDTA solution (pH 7.4)
for one week to allow decalcification.
Furthermore, the femoral bone samples were

dehydrated and embedded in a paraffin using
a reference standard method (Bancroft, J.D.
and Gamble and Burchette, 2009) A rotary
microtome (Leica RM2125 RTS, Germany)
was used to cut bone samples into 5 pm
sections. Then sections were examined under
light ~ microscopy  (Olympus  CX23
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microscope) after staining with hematoxylin
and eosin (H&E) to evaluate the
histopathological changes. Two independent
histopathological features were used to
estimate the morphological results. The
metaphysis was determined for assessing
trabecular bone quality. In previous studies,
the scoring system was clearly explained, in
which score O represents normal structure,
score 1 demonstrates a partial reduction in the
trabecular bone, score 2 represents a great
reduction, and score 3 shows a complete
absence in the trabecular bone (Bitto et al.,
2009; Pizzino et al., 2017). The trabecular
bone area (TBA) percentage was also
measured. 90-100% bone area was counted
as score 0, 60-90% was considered as score
1, 30-60% was expressed as a score 2,
whereas TBA <30% was given a score 3.
Epiphyseal plate thickness was assessed using
40X power. Moreover, osteoblasts rimming
cortical bone count was estimated using one
high power field (HPF). A computerized
image analysis program (Leica Application
Suite 4.12.0) was used to analyze these bone
features. The presence of fat cells (necrotic
features) in the bone marrow was also
examined.
10-Analysis of the Study’s Statistics:
Data were stated as a mean + SD. LSD post
hoc analysis of the one-way ANOVA test
(SPSS 16.0 software, Chicago, IL, USA) was
exploited to statistically estimate differences
within groups. Results values are considered
statistically significant at *p < 0.05.
RESULTS

1-Visualization of the Computational
Biology Docked Forms:

The lowest estimated free energy of
binding scores for DEXA toward B-catenin,

TRAP, PPARy, LRP5/6-DKK1, and
RANKL-OPG complexes were -8.71, -10.44,
-12.92, -12.08, and -9.69 kcal/mol,

respectively. Furthermore, the estimated
inhibition constant (Ki) values of DEXA
toward these targets were 414.69 nM, 22.25
nM, 338.99 pM, 1.41 nM, and 78.81 nM,
respectively. DEXA associates with 3-catenin
residues through one H-bond (Tyr331B) and
several electrostatic and  hydrophobic

interactions  (Tyr331, Lys288, Leu286,
Ala284, Asn287, Ser318, Gly319, Val283,
Ala323, Asn326, and lle327B), Fig. 1A.
DEXA associated with residues of
extracellular domains of LRP5/6 receptor
through one H-bonds (Leu753A) and several
electrostatic and hydrophobic interactions
(GIn887, Tyr800, Trp714, Leu755, Asp668,
Leu667, Met710, Leu753, Asn794, Ala752,
Leu880, Thr797, Leu796, Thr839, Ala711,
Phe669, and Arg886A) (Fig. 1B.)
Furthermore, DEXA interacted with PPARy
residues of its LBDs through four H-bonds
(Leu228, His266, and two H-bonds with
Lys265B) and several electrostatic and
hydrophobic interactions (Arg288, Pro227,
Leu228, Glu291, His266, Phe264, Lys263,
Lys265, Ser342, 1le341, Glu343, and
Glu295B) (Fig. 1C). DEXA also correlates
with residues of TRAP repression loop,
eliminating its activity through three H-bonds
(Ser97, Argl55, and Aspl56A(X)) and
several electrostatic and hydrophobic
interactions (Ser97, Val96, His92, Asnl42,
Argl155, Glyl141, Vall37, Prol54, Aspl56,
Thr138, and Asn95A(X)) (Fig. 1D). Residues
of C(X) chain of DKK1 correlated with
residues of extracellular domains of
LRP5/6(A) receptor through 7 H-bonds
which are Tyr875(A)-Leu231(X), His834 (A)
-Ser228(X), Asp811(A)-Arg236(X), Arg792
(A)-Phe234(X), Arg792(A)-Glu232(X), Glu
769(A)-Val219(X), and Glu708(A)-His204
(X). Moreover, several electrostatic and
hydrophobic  interactions  (Arg792(A)-
Arg236(X), Arg754(A)-Phe234(X), Pro338
(A)-Val219(X), GIlu708(A)-Phe205(X), Trp
330(A)-Phe234(X), and Tyr875(A)-
11e233(X)) were also involved (Fig. 2A).

Fig. 2B showed that residues of the A
chain of RANKL associated with residues of
the B(Z) chain of OPG through 6 H-bonds
(Arg284(A)-Glus8(2), Lys282(A)-Glus8(2),
Lys257(A)-Glu95(Z), Tyr241(A)-Glu9s(2),
Lys181(A)-11e94(2), and His180(A)-
Glu93(2)) and electrostatic and hydrophobic
interactions (Lys248(A)-Ser56(Z), Met239
(A)-Glu95(Z), Ser294(A)-11e94(Z), Glu237
(A)-Phe96(Z), Serl79(A)-Glu93(z), and
His180(A)-Glul16(Z)). Fig. 2C illustrated
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that DEXA interacted with residues of
RANKL(A)-OPGB(Z) complex, destabilized
RANKL/OPG interaction and potentiated the
inhibitory effect of RANKL through one H-
bonds (Ser52Z) and many electrostatic and
hydrophobic interactions (Tyr49, Leu60,
Ser56, Glu58, His54, Thr55, Lys22, Trp53,
Ser52, Asp51, Thr50Z, and Lys248A).
2-Histopathologic Changes Associated
With Dexamethasone Administration:

As demonstrated in Fig. 4 (upper
panel), the control rats showed normal
histological features that included a normal
epiphyseal plate thickness (480-557 pm),
architecture of bone trabeculae with a normal
bone marrow space, and high osteoblastic
count on a cortical bone surface (15-22/HPF).
In their lacunae, osteocytes were observed
that diminished any osteoclastic features.
Furthermore, the bone marrow space
contained few adipocytes. The quality of bone
trabeculae was thick and continuous. Their
TBA was scored as 0 score. On the other
hand, DEXA administration  greatly
developed osteoporotic features, which
reduced epiphyseal plate thickness (96 um),
showed structural deterioration of thinned
bone  trabeculae, and  demonstrated
fragmented thinned bony ossicles separating
with expanded bone marrow and a great
increase in the fat content (Fig. 4A, lower
panel). The DEXA-treated rats also
demonstrated  irregularities  in  their
architecture of bone trabeculae that were
scored as score 2. Moreover, DEXA
administration developed 0-30% TBA as a
score of 3. In addition, DEXA administration
greatly decreased osteoblastic count on a
cortical bone surface (4/HPF) and increased
osteoclastic activity with erosion cavity (Fig.
4A, lower panel) and necrotic osteocytes.
3-BMD and BMC:

Regarding BMD and BMC, rats treated with
dexamethasone showed a significant (p <
0.05) reduction in these measurements by
comparing with the control group (Fig. 3B).
4-Dexamethasone Triggered Alterations In
Proliferation Indices:

Fig. 4 illustrates the changes in
proliferation markers after DEXA injections,

treating male rats with DEXA developed a
significant (p < 0.05) rise in CD90 and
CD105 protein levels compared to the control
group. Furthermore, a significant (p < 0.05)
elevation in the bone protein content of -
catenin in the homogenate of DEXA-treated
rats was reported compared to rats receiving
saline. Also, a significant (p < 0.05) elevation
in the bone protein contents of GSK3ppSg and
GSK3p together with the GSK3BpSe/GSK3p3
ratio was observed compared to control rats.

Likewise, DEXA-treated rats showed a
significant (p < 0.05) rise in LRP5 fold
change.

5-Effect of DEXA Treatment on

Osteogenic and Adipogenic Biomarkers:
Following DEXA treatment, the
osteogenic and adipogenic biomarkers;
Wnt5a, SOST and DKK1 showed a
significant (p < 0.05) increase in their fold
change as opposed to the control rats. These
rats also presented a significant (p < 0.05)
decrease in the fold change of RUNX2 and
OSX, along with a significant (p < 0.05)
decline in the fold change of COL1Al
contrasted to control rats. The OCN bone
protein content was significantly (p < 0.05)
diminished compared to the control group. In
addition, serum ALP and PPARY bone protein
content were significantly (p < 0.05)
increased as a result of the DEXA treatment
compared to control rats (Fig. 5).
6-Dexamethasone  Encouraged
Differentiation Into Osteoclasts:
Contrasting with the control rats
receiving saline, a significant (p < 0.05)
declined fold change of OPG was noted in
male rats receiving DEXA. Conversely, a
significant (p < 0.05) rise in RANKL fold
change was also detected in these rats, with a

HSCs

consequent  significant (p < 0.05)
amplification in RANKL/OPG ratio
contrasted to control rats. Furthermore,

DEXA triggered a significant (p < 0.05)
elevation in the bone protein content of p38.
In addition, a significant (p < 0.05) boost in
TRAP protein content was detected in rats
receiving DEXA match-up with control rats

(Fig. 6).
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Fig. 3. (A) H&E-staining of rat femur. Control: (a) normal epiphyseal plate (x40), (b) normal
architecture of bone trabeculae with normal bone marrow space. (c) high osteoblastic count on
cortical bone surface (x400). DEXA: (a) narrowed epiphyseal plate (b) sporadic thinned bony
ossicles disconnected by an extended bone marrow and amplified fat content (x100), (c)
osteoblast rimming loss with enhanced osteoclastic activity with erosion cavity (arrow)
(X400). (B) Bone mineral density (BMD), and bone mineral content (BMC). Values are
expressed as mean + SD (n = 8 for BMD and BMC). *: significant (p < 0.05) compared to
control.
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compared to control.

7-Dexamethasone-Induced Femoral
Oxidative Stress:

DEXA caused noticeable fluctuations in the
oxidative stress indices in rat femurs as

juxtaposed with rats receiving saline (Table

Tab. 2. Bone pro- and anti- oxidant parameters.

1). MDA and NO levels were significantly (p
< 0.05) intensified. Whereas GSH content, in
addition to the activities of SOD, GST, and
GPx significantly (p < 0.05) declined
compared to control rats.

MDA level NO level GSH level GPx activity GST activity S0D activity
(umol/ mg protein) (umol/g protein) (pmol/mg protein) (U/mg protein) (U/mg protein) | (U/mg protein)
Control 1.941+0.119 364.230+ 16.678 10.198=0.520 53.228+5.810 0.785+0.061 1.226x0.077
DEXA 2.400+0.052" 862.260+16.930" 6.397+0.250" 22.792+1.578" 0.403+0.026" 0.995+0.062*
Values denote the mean = SD of 8 rats/ group. *p < 0.05 opposed to control applying ANOVA (one-way) and Post Hoc Test (Tukey’s test).
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DISCUSSION
In this study, the standard imaging
tests; BMD and BMC were used for the
diagnosis of osteoporosis (Fahmy et al.,
2015). The declined BMD and BMC reported
in rats receiving DEXA-approved previous
findings (Samir and Malek, 2014; Chen et al.,
2016). These findings indicate incomplete
bone mineralization represented by decreased
bone formation, and increased bone
resorption,  suggesting the onset of
osteoporosis (Cummings, 2007; Ahmed et al.,

2012; Samir and Malek, 2014).

GCs can inflict paradoxical actions
upon bone tissue affecting the balanced bone
remodeling. These actions are dependent on
the stage of growth and differentiation of the
cellular components, as well as the
concentration and duration of GCs
administration. Low GCs concentrations can
motivate osteoblast proliferation and endorse
MSCs/osteogenic differentiation. However,
high GCs concentrations can induce
osteoporosis by inhibiting osteoprogenitor
cell  proliferation and differentiation,
stimulating apoptosis of osteoblast and
osteocyte, decreasing their counts, and
directing MSCs  differentiation  into
adipocytes while inducing osteoclastogenesis
(Delany, 1994; Mak et al., 2009; Han et al.,
2019). CD90 (or Thy-1) and CD105 (or SH2)
are cell surface markers that are crucial for
cellular multipotency and immortality (Kim
et al., 2016). Proliferating MSCs have an
intensified expression of CD90 and CD105.
These cells can differentiate toward
adipogenic and osteogenic lineages guided by
the existing differentiation mediators and
inhibitors (Maleki et al., 2014; Ullah,
Subbarao and Rho, 2015). A previous study
reported that strong expression of CD105
might predict weak osteogenesis (Kim et al.,
2016). However, the expression of these CDs
is not restricted to MSCs, in which HSCs are
capable of expressing these markers
(Wisniewski et al., 2011; Kays et al., 2015;
Radtke et al., 2020), where increased CD105
expression is correlated with long-term
repopulating HSCs in mice (Kays et al.,

2015). Rats of the current study receiving
DEXA displayed increased bone CD90 and
CD105 protein contents. Based on the
information provided previously, these
elevations might be a sign of proliferating
HSCs and/or MSCs induced by DEXA.

Whnt signaling is fundamental for the
homeostasis, development, and regeneration
of most body organs and is broadly conserved
across cell types (Chae and Bothwell, 2018).
GCs can alter the bone remodeling process by
exerting a biphasic regulation of Wnt proteins
and inhibitors (Mak et al., 2009). Wnt
signaling includes two main pathways: the -
catenin-dependent canonical Wnt pathway
and the B-catenin-independent non-canonical
Wnt pathway (Ackers and Malgor, 2018).
GSK-3p is considered a negative director of
the canonical Wnt signaling. While,
activation of LRP5/Fzd receptor complex
inhibits GSK3p through phosphorylation of
GSK3p on serine9, stabilizing B-catenin for
nuclear translocation and inducing gene
activation (Doble and Woodgett, 2003;
Kugimiya et al., 2007). MSCs have an
enrichment in the components of both
canonical and non-canonical Wnt pathways,
where the initiation of these pathways plays
an indispensable task in the proliferation and
differentiation of these cells (Takam Kamga
et al., 2021). Increased MSCs proliferation is
associated with overexpression of LRP5 in a
human MSC culture (Baksh, Genevieve M
Boland and Tuan, 2007). Through altering
Fzd receptor, LRP5 initiates the signal
transduction of the canonical Wnt route
increasing proliferation while inhibiting
osteogenic differentiation (Baksh, Genevieve
M. Boland and Tuan, 2007). Additionally,
proliferating early osteoclast precursors
demand initiation of the canonical Wnt/f-
catenin pathway (Weivoda et al., 2016). The
current outcomes displayed an amplified
GSK3BpSo/GSK3B ratio in DEXA-treated
rats, indicating an overriding deactivated
form of GSK3p. Taken together with the
increased bone B-catenin protein levels and
LRP5 expression signify an overactivated
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canonical Wnt/p-catenin pathway in DEXA-
treated rats.

The dedication of human MSCs
towards the osteoblastic lineage instead of the
adipogenic lineage is achieved through
preserving an active Wnt/p-catenin signal to
secure the abundance of the critical B-catenin
downstream goal necessary for maintaining
the differentiated phenotype of mature
osteoblasts; including the transcription factor
RUNX2, and its downstream target OSX
(Ahmadzadeh et al., 2016). OSX is
accountable for the expression of the
osteoblast-related genes, COL1A1, OPG, and
OCN (Marie, 1992; Bruderer et al., 2014; Liu
et al., 2020). In the current study, a reduction
in the osteogenic transcription factors
(RUNX2 and OSX) correlated with their
downstream targets; OCN, COL1A1, and
OPG were reported following DEXA
treatment, and are aligned with previous
results (Samir and Malek, 2014; El-wakf, El-
komy and Hassan, 2019; Wang et al., 2020).
These outcomes point toward a deactivated
osteoblasts Wnt/B-catenin signal, hence we
may relate the amplified canonical Wnt/B-
catenin signal to proliferating MSC and
osteoclast precursors, not the differentiating
osteoblasts. The raised serum ALP activity
following DEXA-treatment in this study, as
well as previous studies (El-wakf, El-komy
and Hassan, 2019; Saad, Mohamed and El-
Gohary, 2019), may be due to the ability of
DEXA to promote osteoblasts apoptosis,
releasing its ALP in the environment and
lastly increasing the serum ALP (Farley and
Stilt-Coffing, 2001; Chotiyarnwong and
McCloskey, 2020).

WntSa is “a non-canonical Wnt
ligand” secreted by MSC, preadipocytes, and
adipocytes (Guan et al., 2014). It plays a part
in controlling MSC proliferation and
differentiation through inactivating PPARYy (a
key adipogenic transcription factor), and
activating Runx. (Etheridge et al., 2004;
Bilkovski et al., 2010). Alternatively, DKK1
“Wnt inhibitor” secreted from MSC, can shift
the differentiation of MSCs towards
adipocytes  through  counteracting the
inhibitory effect of Wnt5a over PPARYy. This

will result in the activation of PPARy and
deactivation of RUNX2  stimulating
adipogenesis (Etheridge et al., 2004; Pinzone
et al., 2009; Bilkovski et al., 2010).

In support of the ability of GCs to
inhibit mesenchymal-osteoblast
differentiation, Frenkel et al linked this
inhibition partly through inhibiting the
Whnt/B-catenin pathway, via overexpressing
DKK1 and another Wnt pathway antagonist;
SOST. Enhanced expression of these two
genes has been reported in human
osteoporotic MSCs (Frenkel et al., 2015;
Phetfong et al., 2016). Furthermore,
osteogenic differentiation inhibitors were
found to be necessary to support proliferating
MSCs (Pinzone et al., 2009).

In this study, the increased bone
PPARYy level in addition to the upregulated
DKK1 and SOST, along with the decreased
RUNX2 and OSX expression confirm the
adipogenic fate of MSC in DEXA-treated rats
instead of osteoblast differentiation. These
findings are concomitant with previous
reports (Frenkel et al., 2015; Chen et al.,
2016; Phetfong et al., 2016; Wang, Pan and
Chen, 2019; Liu et al, 2020). This
explanation was further supported by the
decreased number of osteoblasts and
increased  adiposity  following DEXA
administration detected in the microscopic
assessment.

The current docking analysis was
used to study the ability of DEXA to associate
with several biological targets involved in
Wnt /B-catenin signaling. The docking study
revealed the existence of several associations
between DEXA with LRP5/6 co-receptor,
DKKI1, and PPARy. These associations
represent a breakthrough in the ability of
DEXA to directly interact and manipulate the
functioning of these proteins in Wnt /B-
catenin signal. However, we can’t determine
the exact effect of such interactions, because
of the complexity and interference of other
factors in Wnt /B-catenin signaling.

Even though a declined osteoblastic
population was apparent in DEXA-treated
rats of this study, an increased bone RANKL
expression was also reported and is consistent
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with previous outcomes (Chen et al., 2016).
This increased bone RANKL expression may
be justified by the multi-origin of RANKL,
where it can be expressed by a diversity of
bone marrow cell types such as MSCs,
osteoblast  progenitors, and adipocytes
(Robert Cronin Yung Peng, Rose Khavari,
2017; Kerensa et al., 2019). Furthermore,
activation of the canonical Wnt signal in
osteoblast precursors is essential for
downregulating RANKL expression and
suppressing  bone  resorption  (Maeda,
Takahashi and Kobayashi, 2013). Hence the
GC-induced repression of the Wnt/p-catenin
in osteoblasts will result in an increased
RANKL/OPG ratio favoring the RANKL-
induced osteoclast differentiation. The
increased ratio observed in the DEXA-treated
rats is compatible with the findings of Tolba
et al. (Tolba, El-Serafi and Omar, 2017).
Moreover, it has been testified that Wnt5a
signals  osteoclast  differentiation by
encouraging RANK expression in osteoclasts
(Kobayashi et al., 2015; Ahmadzadeh et al.,
2016; Weivoda et al., 2016). This increase
indicates amplified bone resorption caused by
the increased osteoclastogenesis and the
consequent onset of osteoporosis. These
outcomes are endorsed by the evident
increased osteoclasts score in the histological
results. Moreover, when RANKL binds to
RANK, the downstream signaling p38-
MAPK is activated, which ensures the
abundant expression of osteoclast-linked
genes such as TRAP (Matsumoto et al., 2000;
Kobayashi et al., 2015; Thouverey and
Caverzasio, 2015). Osteoclasts secrete acid
phosphatases necessary to resolve the mineral
part of bones. The isoenzyme of acid
phosphatase; TRAP is involved in the
resorption of bone and has been found to
correlate directly with the activity of
osteoclasts in bone (Bull et al., 2002; Roux,
2006).

Consequently, the raised RANKL
will ultimately increase the bone protein level
of P38 as well as bone TRAP in rats of our
study receiving DEXA. These findings agree
with previous outcomes (Wang et al., 2020),
and confirm the increased osteoclastogenesis

and bone resorption by DEXA (El-wakf, EI-
komy and Hassan, 2019). The present
DEXA/RANKL/OPG docking study reveals
the existence of associations between the
components of this complex, and the presence
of a direct effect of DEXA over the
RANKL/OPG complex which might be partly
in charge of the increased RANKL/RANK
signaling through weakening the
RANKL/OPG complex. Additionally, the
present DEXA-TRAP docked form shows
direct interactions between DEXA and
TRAP. These interactions might be partly in
charge of the increased activity of TRAP
reported in this in vivo study.

Oxidative stress is a malicious
factor implicated in the onset of osteoporosis
(El Wakf, Hassan and Gharib, 2014).
Reactive oxygen species (ROS) can raise
membrane lipids peroxidation and increase
MDA (El-wakf, El-komy and Hassan, 2019).
Moreover, increased DKK1 expression was
reported to be accompanied by oxidative
stress (Colla et al., 2007), suggesting that the
increased expression of DKKL1 in our study
can be also related to oxidative stress.

GCs can directly expand oxidative
stress by enhancing the production of ROS
while overwhelming the activities of the
antioxidant system (El-wakf, El-komy and
Hassan, 2019). GCs can  prompt
osteoclastogenesis while extending the life
span of osteoclasts, and this is achieved by
decreasing the expression of SOD and GPx
increasing intracellular ROS levels (Lee et al.,
2005; Kanzaki et al., 2013; Tolba, El-Serafi
and Omar, 2017). Previous findings reported
decreased bone antioxidant components
GSH, GST, GPx, GR, and catalase following
GCs administration (Hozayen et al., 2016),
which is consistent with our outcomes.
Furthermore, the findings of EI-Wakf et al.
are consistent with our reported raised
oxidative stress marker MDA and diminished
antioxidant components in the bone of
DEXA-treated rats (EI-Wakf, El-komy and
Hassan, 2019). excess NO work against the
proliferation of osteoblasts, while increasing
their apoptosis. Furthermore, surplus NO can
enhance osteoclast-mediated bone resorption
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(Wimalawansa, 2010). Armour et al. reported
in an inflammation-induced osteoporotic
mice model, an increased NO production
induced by the augmented activity of
inducible nitric oxide synthase, which is
compatible with our findings (Armour et al.,
2001).

Conclusion:

Glucocorticoids can impose
osteoporosis by introducing alterations in
canonical and non-canonical Wnt signaling
and increasing oxidative stress in bone. These
derangements disrupt the communication
between bone remodeling components,
resulting in a compelled proliferative phase
on MSCs and HSCs. Consequently,
proliferating MSCs increase the production of
osteoclastogenic  mediators, intensifying
HSCs proliferation and unleashing their
osteoclastic differentiation, increasing bone
resorption, and decreasing bone formation
causing bone fragility.  Furthermore,
inhibiting the canonical Wnt pathway in
MSCs makes these cells deviate towards the
adipogenic lineage.
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OP: Osteoporosis, OPG: Osteoprotegerin,
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MAPKSs: p38-Mitogen-activated  protein
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receptor-y, qRT-PCR: Quantitative real-time
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Receptor activator of nuclear factor kappa-B
ligand, RNA: Ribonucleic acid, ROS:
Reactive oxygen species, RUNX2: Runt-
related transcription factor 2, SOD:
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resistance acid phosphatase, WNT5a:
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