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in rats: histopathological, biochemical, and in
silico findings
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Abstract

Background This study evaluates the effects of exenatide (EXE), a glucagon-like peptide-1 (GLP-1) receptor agonist,
on bone healing in rats using a single radius cortical defect model and histopathological, biochemical, and in silico
methods.

Methods Forty-two male Sprague-Dawley rats, excluding controls, were divided into 7 groups after receiving a
standard radius defect. The serum levels of total protein (TP), calcium (Ca"), phosphorus (P), alkaline phosphatase
(ALP), osteocalcin (OC), tumor necrosis factor-alpha (TNF-a), and interleukin-6 (IL-6) in each specimen were measured.
Radius samples were examined histopathologically using hematoxylin and eosin (H&E) and Masson’s trichrome
staining. Molecular docking analyses were used to assess EXE interactions with the GLP-1 receptor and osteogenic
transcription factors. Statistical significance was set at p < 0.05.

Results Changes in the selected serum markers were observed in the blood samples obtained from the specimens;
however, these changes may not have been due to EXE administration. No significant negative effect on bone
healing was observed in the groups that received subcutaneous EXE after the bone defect was created. By contrast,

it was observed that for the treatment group that received EXE for 7 consecutive days before the bone defect was
created on Day 7, bone healing progressed more slowly than in the groups treated with saline. Regarding the binding
of EXE to the other target receptors, root mean square deviation (RMSD) values were low, bruised surface area (BSA)
was high, and electrostatic interactions were strong, indicating that the ligand (i.e., EXE) binds to the selected receptor
surfaces.

Conclusion Although the data obtained from the in vitro analyses in this study were verified using molecular
docking, it should be noted that its design is preclinical. Given the widespread clinical use of GLP-1 receptor agonists
in the management of type 2 diabetes mellitus (T2DM), our research findings may have translational relevance.
Although derived from an experimental animal model, these results suggest that GLP-1 agonists such as EXE can

*Correspondence:
Ibrahim Yilmaz
dryilmazi@yahoo.com

Full list of author information is available at the end of the article

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1186/s13018-025-06300-2
http://orcid.org/0000-0001-6109-8425
http://orcid.org/0000-0003-2003-6337
http://orcid.org/0000-0001-6340-5441
http://orcid.org/0000-0002-4074-7024
http://orcid.org/0000-0002-3656-6140
http://orcid.org/0000-0002-2170-0300
http://orcid.org/0000-0003-3062-5856
http://orcid.org/0000-0002-5796-5298
http://orcid.org/0000-0003-2186-5305
http://crossmark.crossref.org/dialog/?doi=10.1186/s13018-025-06300-2&domain=pdf&date_stamp=2025-9-21

Ugur et al. Journal of Orthopaedic Surgery and Research

(2025) 20:883

Page 2 of 14

exert additional effects on bone healing and inflammatory processes, thus warranting further studies, including
controlled clinical investigations, to elucidate the potential implications for patient care.

Keywords Exenatide, GLP-1 receptor agonist, Inflammatory cytokines, Bone regeneration, Molecular docking

Background

Musculoskeletal disorders rank among the leading con-
tributors to the global disease burden [1]. Individuals can
be directly or indirectly predisposed to musculoskeletal
disorders by bone defects, which result from regions of
impaired healing, tissue loss, or structural gaps due to
various causes in bone tissue—the primary support ele-
ment of the musculoskeletal system [2]. Bone defects can
lead to pain, postural instability, gait disturbances, atro-
phy in the involved muscle groups, reduced mechanical
load-bearing capacity, and complications such as chronic
osteomyelitis [3]. In addition, bone defects can induce
systemic inflammation, as well as muscle and connective
tissue degeneration [4].

Notwithstanding the impact of these potential adverse
outcomes, conservative, medical, and/or surgical treat-
ment modalities used throughout history to combat
these disorders have either shown limited effectiveness
or failed to yield satisfactory results [5, 6]. This situation
leads to a loss of work capacity and a decrease in patients’
quality of life on the one hand, and imposes heavy finan-
cial burdens on national healthcare economies on the
other [7, 8]. Hence, scientists are intensively researching
bone defect repair treatments, with a focus on early diag-
nosis and intervention for regional lesions.

Animal models of bone defect repair vary considerably,
and both unilateral and bilateral approaches are widely
used. The unilateral single radius cortical defect model is
well established and allows standardized evaluation with
low perioperative stress; however, bilateral and multiple
critical-sized defect models have also been adopted to
improve translational relevance and potentially reduce
the number of experimental animals used, which is con-
sistent with the principles of the 3Rs (reduction, replace-
ment, and refinement). Bilateral critical-sized defect
models, particularly of long bones such as the femur
or tibia, have been shown to provide a robust platform
for evaluating regenerative strategies while maximizing
the amount of data obtained per animal [9]. Nonethe-
less, another crucial issue that deserves attention is the
investigation and incorporation of new pharmacological
agents into future treatments for repairing bone defects.

Exenatide (EXE), a glucagon-like peptide-1 (GLP-1)
receptor agonist frequently prescribed for the treatment
of type 2 diabetes mellitus (T2DM), has recently gained
attention as one of several new pharmacological agents
because of its potential effects on bone metabolism. In
addition, recent research has highlighted the critical
role of cannabinoid receptor signaling in skeletal repair.

Cannabinoid receptor 2 (CB2) activation has been shown
to modulate the immune environment within the cal-
lus, suppressing excessive inflammation and enhancing
osteoblast activity, thereby promoting bone healing [10,
11]. These findings highlight the importance of inflam-
matory immune regulation in bone regeneration and
provide a broad mechanistic framework for the investiga-
tion of EXE in this study.

Research findings spanning the last decade, although
not fully elucidated, suggest that GLP-1 receptors are
expressed in osteoblasts and that this pathway may sup-
port bone mineralization, osteoblast proliferation, and
bone regeneration via anti-inflammatory signaling path-
ways [12—14]. However, examining the literature revealed
that studies report contradictory findings. In addition,
there is no high-level, evidence-based study that investi-
gates the effects of EXE on cortical bone healing and suf-
ficiently illuminates inflammatory mechanisms.

This study aims to evaluate the effects of EXE adminis-
tered to rats using a single radius cortical defect model.
For this purpose, total protein (TP), calcium (Ca®*), phos-
phorus (P), alkaline phosphatase (ALP), tumor necrosis
factor-alpha (TNF-«), interleukin-6 (IL-6), and osteo-
calcin (OC) levels in serum obtained from the blood of
living mammalian subjects were tested biochemically.
Radius tissue samples were then taken for histopatho-
logical evaluation, and the findings were verified using in
silico analysis.

Materials and methods

Ethical permissions and general information

Young adult male Sprague-Dawley rats aged
10-12 months and weighing 250-300 g were used as live
mammalian subjects in this study. Ethics approval was
obtained from the Kastamonu University Experimental
Animals Unit to use live mammal subjects in the research
(Date: 10.01.2025, approval number: 2025/1). All ani-
mal experiments were conducted in accordance with the
National Institutes of Health Guide for the Care and Use
of Laboratory Animals. Based on welfare considerations,
the research subjects were housed under standardized
conditions (22 + 2 °C, 12-h light/dark cycle; free access to
food and water; pelleted feed, specially produced for rats
and containing 17% protein, 4% fat, and 3% cellulose).
Analyses were repeated at least 3 times to detect experi-
mental errors. On the seventh day post operation, all rats
were euthanized via a xylazine—ketamine overdose (5
times the anesthetic dose). Intracardiac blood samples
were taken at this time. A different set of researchers
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administered drugs to the subjects, performed the sta-
tistical and in silico analyses, performed the histopath-
ological evaluation, and performed the biochemical
evaluation. Each set of researchers was blind to what was
administered to which group. In other words, they were
blind to the group allocation.

Damage model and experimental study

After the subjects received the relevant infection pro-
phylaxis (intramuscular cefazolin sodium, 20 mg/kg/
day) and anesthesia (intraperitoneal xylazine [7 mg/kg]
and ketamine [60 mg/kg]), their right forearms (surgical
area) were cleaned and disinfected with povidone iodine.
Sterile draping was then performed using sterile dispos-
able surgical drapes, and a longitudinal skin incision of
approximately 2 cm was made over the mid-diaphysis of
the right radius. After incising the skin and subcutaneous
tissue, the muscle fascia was reached, and the extensor
muscles were gently retracted using blunt dissection to
expose the periosteum of the radius. The periosteum was
then incised and elevated from the bone surface. On the
exposed anterior surface of the radius, a standard unicor-
tical defect 3 mm in diameter was created using a drill bit
under constant 0.9% isotonic sodium chloride irrigation,
taking care not to penetrate the opposing cortex [15]
(Fig. 1).
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Afterward, the skin was sutured with 4.0 silk. The sur-
gical wound area was cleaned, and the wound was cov-
ered with a dressing.

Group allocation and administration of drugs

A total of 42 rats were randomized into 7 groups
(Table 1). Coded labels were affixed to the tails of all rats
in each group (n = 6) by the research project adminis-
trator. The code was decoded after the experiments and
analyses were completed. Except for the project admin-
istrator, the researchers were blinded to the group allo-
cation and the drugs administered. EXE treatments were
administered subcutaneously once daily (1 pg/kg) [16].
Subjects in the first group received only skin incisions
and suturing and were designated as Group 1—the sham
group.

Bone healing is a complex process comprising biologi-
cally distinct stages [17]. There is an intense inflamma-
tory phase at the onset of the healing process that peaks
within the first 72 h following the creation of a bone
defect and continues actively for approximately 7 days
[18, 19]. Therefore, our study was designed to take this
critical early phase of bone healing into account, and the
rats were grouped based on a specified timeline (Table 1).

Fig. 1 A Intraoperative image of the 3-mm sharp tip of the Dentmotion AAC06 (Lot: DABO1A-35 K/HOTN23DY 0062, China) device approaching the
radius. To ensure minimal invasiveness, care was taken to create the bone defect in a controlled manner while preserving tissue integrity. B Single cortex
defect created in the midline of the radius via surgical procedure, with no obvious hematoma or trauma observed in the surrounding soft tissues. Minimal
bleeding within the defect was considered a normal physiological response
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Table 1 Experimental groups, bone defect model, and
treatment protocols
Group

Bone defect  Treatment

model

No bone None
defect, but
there was skin
incision and
suturing

Group 2 (n=6) +

Group 3 (n=6) +

Group 1 (n=6)

None

0.9% isotonic sodium chloride for
7 consecutive days post operation
EXE for 7 consecutive days before
the creation of a bone defect on
Day 7

EXE for 3 consecutive days post
operation

EXE for 4-7 days consecutive post
operation

EXE for 7 consecutive days post
operation

Group 5 (n=6) +

Group 6 (n=6) +

Group 7 (n=6) +

Biochemical analysis

Serum prepared from intracardiac blood samples were
evaluated for TP, Ca®*, P, ALP, OC, TNF-a, and IL-6
using an enzyme-linked immunosorbent assay (ELISA)
and automated biochemistry analyzers. For this purpose,
250 pL blood samples were collected from subjects in all
groups under terminal anesthesia at predetermined time
intervals. The collected blood was centrifuged at 2,000 x
g for 10 min at 25 °C. The sera were aliquoted and stored
at — 80 °C until analyzed. TP, Ca**, inorganic P, and ALP
measurements were performed photometrically using a
Beckman Coulter AU 5800 (Beckman Coulter Inc., CA,
USA) clinical chemistry autoanalyzer and the manufac-
turer’s original brand reagents. As biomarkers, the serum
levels of OC, TNF-a, and IL-6 were measured using
ELISA kits (Sunredbio, Shanghai, China; cat. nos. 201-
11-0765, 201-11-0271, and 201-11-0136, respectively).

Histopathological evaluation

Tissue samples were taken from the control and study
groups for histopathological evaluation. Radius samples
were fixed with 10% buffered formalin solution for at
least 2 weeks, and were then decalcified using a rapid
decalcification solution. Subsequently, the samples were
washed under running tap water and then subjected to
routine paraffinization (incubation in 70%, 80%, 90%,
and 100% ethyl alcohol for 1 h, followed by incubation in
xylene for 1 h, and finally incubation in paraffin for 1 h).
Next, 5 um sections prepared from the paraffinized tis-
sues were placed on slides and deparaffinized in xylene
for 10 min. Hematoxylin and eosin (H&E) staining was
then performed. Entellan was dropped on the sections,
which were then covered with a coverslip and left to dry.
Histopathological changes on prepared slides stained
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with H&E and Masson’s trichrome were observed and
evaluated under a light microscope, and photomicro-
graphs were obtained. Changes related to bone healing
observed in the samples were scored according to a scor-
ing system developed by Huo et al. [20].

In silico analyses

Evaluation of EXE interaction with potential target proteins
To evaluate the in vivo effects of EXE based on the bio-
chemical and histopathological data obtained, molecular
docking was conducted with the rationale that it could
provide a mechanistic explanation for the observed
effects. The objective was to estimate the binding poten-
tial of EXE to the transcription factors/receptors in the
signaling pathways involved in bone regeneration and
inflammation. For the molecular docking experiments,
we obtained crystal structures from the Research Collab-
oratory for Structural Bioinformatics Protein Data Bank
(RCSB PDB). These included the GLP-1 receptor (GLP-
1R; PDB ID: 7LLL) [21], the primary target of EXE, as well
as other important molecular mediators of the inflamma-
tory response in bone: tumor necrosis factor receptor 1
(TNFR1; PDB ID: 1EXT) [22]; IL-6 receptor (IL-6R; PDB
ID: 1P9M) [23]; and the OC receptor, G-protein-coupled
receptor family C group 6 member A (GPRC6A), which
plays a critical role in osteoblast synthesis.

Molecular docking study

GLP1-R was selected as the target receptor for dock-
ing. The GLP-1R crystal structure (PDB ID: 7LLL) was
retrieved in PDB format from the RCSB PDB website.
The three-dimensional (3D) structure comprises GLP-
1R crystallized in complex with its natural agonist, exen-
din-4, the peptide on which synthetic EXE is based. The
P chain containing exendin-4 was extracted from the
7LLL crystal structure via chain separation using the
PDB-Tools Web platform. Energy minimization was then
performed on the isolated exendin-4, which was saved in
PDB format for use as the ligand in all docking experi-
ments conducted in this research. The active residues of
exendin-4 were subsequently identified using ChimeraX
(version 1.10).

Molecular docking experiment with GLP-1R

The R chain containing GLP-1R protein was separated
from the 7LLL crystal structure using the PDB-Tools
Web platform. All water molecules were removed, and
polar hydrogens were added. The web-based High Ambi-
guity Driven DOCKing (HADDOCK) server (version
2.4) was used for protein—protein docking. The active
residues of the computationally prepared GLP-1R were
scanned and extracted using ChimeraX 1.10, and dock-
ing was performed.
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Molecular docking study with TNFR1

The A chain containing the TNFR1 protein was sepa-
rated from the 1EXT crystal structure using the PDB-
Tools Web platform. All water molecules were removed,
and polar hydrogens were added. The web-based HAD-
DOCK 2.4 server was used for protein—protein docking.
The active residues of the prepared TNFR1 were scanned
and extracted using ChimeraX 1.10, and docking was
performed.

Molecular docking study with IL-6R

The A chain containing the IL-6R protein was cleaved
from the 1P9M crystal structure using the PDB-Tools
Web platform. All water molecules were removed, and
polar hydrogens were added. The web-based HADDOCK
2.4 server was used for protein—protein docking. The
active residues of the prepared IL-6R were scanned and
extracted using ChimeraX 1.10, and the docking process
was performed.

Molecular docking study with GPRC6A

No crystallized 3D structure (X-ray or cryo-EM) is avail-
able for GPRC6A in the RCSB PDB. Hence, its protein
sequence (UniProt ID: Q5T6X5) was modeled using the
AlphaFold Protein Structure Database. The web-based
HADDOCK 2.4 server was used for protein—protein
docking. Active residues of the prepared GPRC6A were
scanned and extracted using ChimeraX 1.10, and dock-
ing was performed.

Molecular docking study with RUNX2

The D chain containing the runt-related transcription
factor 2 (RUNX2) protein was isolated from the crystal
structure with PDB ID GVGE using PDB-Tools Web.
All water molecules were removed, and polar hydrogens
were added. The web-based HADDOCK 2.4 server was
used for protein—protein docking. The active residues of
the prepared RUNX2 chain were scanned and extracted
using ChimeraX 1.10, and the docking process was
performed.

Statistical analyses

The Minitab (version 22) program was used for the sta-
tistical analysis of the obtained data. Group differences
were detected by an analysis of variance (ANOVA), and
Tukey’s honest significance (HSD) test was applied to
determine which groups’ means were different. Tukey’s
HSD test is a post hoc test performed to group the distri-
bution data following descriptive analysis, and thus eval-
uate the differences between group means. The strength
of the relationship between the tested target markers
Ca?', P, ALP, TNF-q, IL-6, and OC and their relationships
with each other were evaluated using the Pearson cor-
relation coefficient (r). The data were assessed at a 95%
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confidence interval (CI), and an alpha of < 0.05 was con-
sidered statistically significant.

Results

Biochemical findings

Compared to the control group (Group 1), serum Ca?*
levels decreased in Groups 3, 4, and 7 and increased in
all the other groups. However, because the difference in
serum Ca** levels between the groups was statistically
insignificant (p >0.05), this observation was not taken
into consideration. Compared to the control group,
serum TP levels decreased in Group 4 and increased
in all the other groups (p < 0.05). The serum levels of P
decreased in Groups 2, 5, 6, and 7 compared to the con-
trol group and increased in all the other groups (p < 0.05).
Serum ALP levels decreased in all groups (p < 0.05).
Serum TNF-a levels increased in Groups 3 and 6 com-
pared to Group 1 and decreased in all the other groups
(p < 0.05). Compared to Group 1, the serum levels of
IL-6 and OC increased (p < 0.05) in all the other groups
(Tables 2 and 3).

There was a strong positive correlation between the
serum levels of Ca** and TP (r = 0.710; p < 0.05), a mod-
erately strong negative correlation between P and TP lev-
els (r = — 0581; p < 0.05), and a slightly above-moderate
negative correlation between P and Ca** levels (r = -
0.643; p < 0.05). Other correlations were not statistically
significant (p >0.05) and were therefore excluded from
our analysis (Fig. 2).

Histopathological findings

No significant negative effect on bone healing was
observed in the groups that received subcutaneous
EXE after the bone defect was created. However, it was
observed that when the bone defect was induced in a
subject already receiving EXE, bone healing progressed
more slowly than in subjects in other treatment groups
(i.e., EXE post-surgery groups and the post-surgery saline
group [Group 4]). Histological evaluation of bone healing
based on Huo scoring among the experimental groups is
summarized and presented in Fig. 3.

Because the regions representing the bone defect site
were not visible in the sections stained with Masson’s
trichrome for technical reasons, the Masson’s trichrome
stained slide representing Huo score 7 was excluded
from our evaluation. The remaining slides are presented
demonstratively in Fig. 4.

In silico findings

Data from the outputs of the analyses using the Chime-
raX 1.10 molecular modeling program were used to gen-
erate images of the 3D protein-ligand complex. In these
images, the receptor and ligand protein are superimposed
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Table 2 Data from analysis of variance (ANOVA) with 95% Cl comparing the control and EXE groups
Source DF Adj SS Adj MS F-Value P-value
P Group 6 1.058 0.17635 348 0.08*
Error 35 1773 0.05067
Total 41 2.831
%t Group 6 1.233 0.2056 1.91 0.106
Error 35 3.760 0.1074
Total 41 4.993
P Group 6 4444 7.406 432 0.002*
Error 35 60.07 1.716
Total 41 104.51
ALP Group 6 81,241 13,540 1344 0.000*
Error 35 35,252 1007
Total 41 116,493
TNF-a Group [§ 34,118 5686 293 0.020*
Error 35 67,855 1939
Total 41 101,973
IL-6 Group 6 4220 703.3 249 0.041*
Error 35 9881 2823
Total 41 14,101
oC Group 6 2917 48613 5.73 0.000*
Error 35 29.72 0.8490
Total 41 58.88
*One-way ANOVA, p < 0.05
DF: degrees of freedom; Adj SS: adjusted sum of square; MS: mean square
Table 3 Data obtained from Tukey's honest significance (HSD) test
TP Ca?t P ALP TNF-a IL-6 oc
Group 1 595+ 0.06 AB 10.25+0.38ns 830+ 0.11ABC 3005+ 1.64A 17733 +£331AB 80.03 +7.428 344+£0.11C
Group 2 6.35+0.06 A 10.55 £ 0.54ns 6.9 = 0.55ABC 261.0 £ 38.34AB 153.92 + 16.86AB 85.98 + 4.85AB 4.60 = 0.61ABC
Group 3 6.27 + 0.44AB 10.17 £ 0.68ns 8.93 + 3.08AB 190.7 £ 2897C 22758 + 85.2A 82.20 + 5.8AB 401 +0.798BC
Group 4 590+ 0.17B 10.05+0.12ns 9.10 £ 0.88A 294.8 +37.31A 174.48 + 53.8AB 110.69 + 27.9A 532+ 0.89AB
Group 5 6.02 = 0.18AB 10.28 £0.13ns 6.65 + 0.84BC 212.7 £26.64BC 125.82 £ 8.8B 94.17 £22.02AB 5.98 £ 1.74A
Group6 623 +0.18AB 1047 £024ns  6.35+0.33C 196.0 +4848C 18243 £ 36.3AB 95.46 + 21.38AB 544 + 04AB
Group 7 6.08 = 0.25AB 10.10 £ 0.23ns 7.68 £ 0.81ABC 202.8 £23.83C 17696 £41.62AB 82.80 + 11.98AB 424 +0.97BC

ns: statistically nonsignificant and the significance level between groups decreases from A to C

onto the protein—protein binding region in all docking
results (Fig. 5).

Based on the evaluation of the binding properties of the
molecules, the results of EXE to the target receptors are
presented in Table 4.

Examining the binding of EXE with other target recep-
tors, the root mean square deviation (RMSD) values were
low, bruised surface area (BSA) was high, and electro-
static interactions were strong. This indicates that the
ligand binds to the selected receptor surfaces.

Discussion

Current strategies for accelerating fracture healing
include both pharmacological and physical approaches.
Systematic reviews have demonstrated that pharma-
cological agents can positively influence fracture heal-
ing, and that randomized controlled trials provide
growing evidence for the clinical potential of several

pharmacological agents [24]. Similarly, low-intensity
pulsed ultrasound (LIPUS) has been shown to stimulate
osteogenesis and support fracture healing in vitro and in
animal models, although clinical evidence remains lim-
ited [25]. Recently, pharmacological interventions such as
pulsed electromagnetic field therapy have been reported
to facilitate osteogenic differentiation and fracture heal-
ing via modulation of key molecular signaling path-
ways, including osteogenesis-related cascades [26]. Also,
adjunctive strategies such as low-level laser therapy have
been reported to enhance osteoblast activity, angiogen-
esis, and fracture healing, highlighting the complexity of
bone regeneration mechanisms [27].

In addition, it has been reported that mechanical inter-
ventions, such as intermittent pneumatic compression,
enhance both bone and soft-tissue healing, although
stronger evidence from human studies is still required
[28].
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The literature also suggests that EXE may promote
bone regeneration by regulating inflammatory responses
and promoting osteogenic activity. Interestingly, similar
mechanisms have been identified in studies on canna-
binoid receptor signaling—particularly studies on CB2,
which reduces proinflammatory cytokine release and
stimulates osteoblast differentiation in fracture healing
[10, 11]. This suggests that GLP-1R activation and can-
nabinoid receptor pathways may converge in common
immune—bone signaling networks, highlighting a prom-
ising translational link between metabolic and cannabi-
noid-based interventions in skeletal repair.

Our study contributes to this growing body of evidence
by providing histopathological and biochemical insights
into the effects of EXE, as a GLP-1R agonist, in bone
healing and validating our observations using in silico
methods.

Ji et al. [29] made a novel pharmacological contribution
to fracture healing research in their study evaluating the
histopathological and biochemical effects of EXE, as a
GLP-1R agonist, in a single radius cortical defect model.
Considering that EXE exerts important metabolic regula-
tory effects, its potential relevance is particularly notable
in fracture patients at risk of impaired healing due to
hyperglycemia [29].

Recent findings further emphasize the significance of
pharmacological and molecular targets in bone regenera-
tion. For example, Jintiange has been reported to accel-
erate fracture healing in osteoporotic rat models [30],

miR-1271-5p has been reported to promote healing in
pilon fractures by regulating apoptosis and chondro-
cyte proliferation [31], and IncRNA CASC11 has been
reported to delay fracture healing by sponging miR-
150-3p [32]. Similarly, LINC00339 has been implicated in
the modulation of mesenchymal stem cell osteogenic dif-
ferentiation and delayed fracture healing [33].

These studies highlight new perspectives for advancing
fracture healing research, presented by the integration
of pharmacological interventions and molecular biology.
However, when sequential searches were made in elec-
tronic databases using relevant keywords, we observed
that the data obtained were different and contradictory
[34—49]. For example, one study reported that GLP-
1R agonists (GLP-1RAs) may have beneficial effects on
bone [34]. In contrast, another study reported that exen-
din-4 reduced serum levels of a bone resorption marker,
C-terminal cross-linked telopeptides of type I collagen,
but increased the osteoprotegerin/receptor activator of
nuclear factor-kB (NF- «B) ligand ratio and elevated OC,
RUNX2, and ALP expression; and thus, bone resorp-
tion was not inhibited [35]. Similarly, another study
found that when rat bone marrow stromal cells (BMSCs)
were treated with exendin-4, mRNA expression levels of
Runx2, ALP, and collagen-al increased, indicating that
exendin-4 exerts an anabolic effect on bone by facilitating
osteoblastogenesis while suppressing adipogenesis dur-
ing BMSC lineage differentiation in ovariectomized rats
[36]. In addition, EXE (the synthetic analog of exendin-4)
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Fig. 3 Images captured with a light microscope at 100x magnification after H&E staining. A: Group 1 (control group — no bone defect): No bone defects
were created or observed in the experimental animals in this group. The cortical bone and medullary spaces appeared structurally regular and intact.
Because no experimental injury was induced, Huo histological scoring could not be applied. B: Group 2 (fracture union through immature bone forma-
tion): Predominantly osteoid-like structures were present, accompanied by intense osteoblastic activity. The Huo score for this group was 9. C: Group 3
(mixed cartilage and osteoid tissue): A nearly equal distribution of cartilage and osteoid tissue was observed. The Huo score for this group was 7. D: Group
4 (fibrous tissue): Only fibrous tissue was detected at the site of the bone defect. The Huo score was 1. E: Group 5 (predominantly osteoid tissue with
limited cartilage): Dense osteoid tissue was observed with minimal cartilage presence. The Huo score for this group was 8. F: Group 6 (high osteoblastic
activity with minimal fibrous tissue): Marked osteoblastic activity was evident, while fibrous tissue was nearly absent. This group received a Huo score of
8. G: Group 7 (predominantly immature bone with minimal cartilage): Immature bone tissue was the dominant component, along with a small amount

of cartilage. The Huo score for this group was 8.

has been reported to improve bone quality in a geneti-
cally inherited T2DM mouse model [37].

Overall, experimental studies have shown that GLP-
1RAs exert significant positive skeletal effects on bone
quality and bone strength; however, the mechanisms
of action may differ among the various GLP-1RAs, and
clinical studies supporting their bone-protective effects
are currently lacking [38]. The possibility that GLP-1RAs
may improve blood flow to bone has attracted consider-
able attention and suggests that GLP-1 antidiabetic ther-
apy may benefit the increasing number of elderly T2DM
patients at a substantial risk of osteoporosis and fractures
[38].

Eminoy et al. [39] reported a significant decrease in
bone mineral density, trabecular number, trabecular
thickness, and trabecular area in ovariectomized rats,
as well as a significant increase in trabecular separation
and plasma TNF-a and IL-6 levels. They reported that all
these adverse effects were reversed with EXE treatment,
which exhibited a significant protective effect on trabec-
ular bone microarchitecture [39]. Mansur et al. [40] used

male, high-fat, diabetic mice in their study to evaluate
the effects of EXE treatment on tissue-bone mechanical
properties and composition parameters. They adminis-
tered EXE intraperitoneally to the subjects at a dose of
25 nmol/kg twice daily for 52 days. They reported signifi-
cant improvements in bone mechanical properties at the
organ and tissue levels, with observable changes in both
cortical microarchitecture and bone composition param-
eters, in the EXE-treated group compared to the control
group [40].

In addition to in vitro and/or in vivo experimental pre-
clinical studies using living mammalian subjects, there
have also been clinical studies, with positive outcomes
indicating that EXE can facilitate the healing of bone frac-
tures. In a placebo-controlled study evaluating patients
treated with GLP-1RAs, EXE use was associated with the
lowest risk of fracture compared to other GLP-1RAs [36].
The findings of another placebo-controlled clinical trial
(NCT01648582) indicate that GLP-1RAs may reduce
the risk of bone fragility in patients with T2DM, as
they increase bone mineral density in many areas of the
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Fig. 4 Masson’s trichrome staining of preparations at X200 magnification. A Predominantly immature bone is visible, and a small amount of cartilage is
observed; Huo score 8. B Only immature bone is visible; no cartilage is observed; Huo score 9. C Fibrous tissue is visible, but no immature bone and/or

cartilage is observed at the fracture site; Huo score 1

Fig. 5 Receptor-EXE interactions analyzed using the ChimeraX 1.10 molecular modeling software. A GLP-1R-EXE, B IL-6R-EXE, C TNFR1-EXE, D GPRC6A-
EXE, E RUNX2-EXE. Pink indicates EXE, and purple indicates the receptor

body after treatment [41]. Another study reported that
GLP-1RAs, including EXE, may heal bone fractures in
patients with T2DM [42]. Akyay et al. [43] reported that
osteoprotegerin levels increased and resorption markers,

such as the receptor activator of NF- kB (RANK)/recep-
tor activator of NF- B ligand (RANKL) ratio, decreased
with EXE treatment. They concluded that GLP-1RAs
exhibit a potential fracture-protection effect [44].
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Table 4 Docking results: EXE to target receptors

Receptor  Ligand HADDOCK score  RMSD BSA  Z-
(kcal/mol) score
GLP-1R EXE —156.6 1.1 25036 —25
TNFR1 EXE -970 20 16986 —09
IL-6R EXE —1053 03 15743 —22
GPRC6A EXE —-982 02 17141 =19
RUNX2 EXE —896 05 17296 -23

BSA: bruised surface area; RMSD: root mean square deviation

Contrary to the preceding definitive reports, there are
studies in the literature with findings indicating that tra-
ditional antidiabetic drugs may have negative or positive
effects on the risk of bone fractures. However, the rela-
tionship between GLP-1RAs and bone fracture risk has
not yet been established. Notably, however, EXE treat-
ment has been associated with an increased risk of new
bone fractures [45]. Although preliminary, there is a
study in the literature reporting that GLP-1RA use does
not alter the risk of bone fractures [46]. Furthermore,
a post hoc analysis found a study [42] that reported an
absence of evidence of EXE treatment having any impact
on bone fractures, and a letter [47] suggesting that this
issue should be discussed.

Responding to these confusing and contradictory find-
ings in the literature, our study was conducted to verify
the effects of the pharmacological agent EXE in silico
after evaluating it in vitro following its administration to
rats in which a bone defect was surgically created.

The relationship between serum protein levels and
bone health is complex. Serum TP levels have been
reported to support cellular proliferation and extracel-
lular matrix synthesis in bone fracture healing [48]. In
this study, serum TP levels decreased in Group 4 and
increased in the other groups compared to the control
group.

Ca”* has been established as the fundamental building
block of callus mineralization. Normal serum Ca®* levels
ensure strong and adequate mineralization at fracture
sites [49], while inadequate Ca?* intake leads to post-
traumatic bone loss and increased parathormone and
osteoclast activity, which impair overall bone health [50].
Bone growth and metabolism are also regulated by trace
elements, such as Ca?* and P. It has been hypothesized
that both trace element deficiencies and excesses may be
risk factors for the development of bone diseases, such as
osteoporosis [51].

In our study, Ca®* levels decreased in Groups 3, 4, and 7
and increased in Groups 2, 5, and 6 compared to the con-
trol group (Group 1). However, because this difference in
Ca?* levels between groups was found to be statistically
insignificant (p >0.05), it cannot be considered as evi-
dence of the effect of EXE administration on Ca*" levels.
Furthermore, P levels decreased in Groups 2, 5, 6, and 7
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but increased in Groups 3 and 4 compared to the con-
trol group; the largest increase, at 9.64%, was observed in
Group 4.

Although its precise role is not fully elucidated, ALP—
which is thought to play a role in bone mineralization—is
the most widely known biochemical marker of osteoblast
activity [50]. The literature also includes studies suggest-
ing that both TNF-a and IL-6 may promote osteogenic
differentiation by stimulating ALP [52], and that serum
ALP levels increase in the early post-surgery phase [53].
One study found a negative correlation between total
serum ALP levels and lumbar body mass index in young
adults, proposing that total ALP and bone-specific ALP
are byproducts of bone remodeling and can be measured
in serum as indicators of the rate of bone turnover [54].
Another study reported that ALP levels began to slowly
increase 2 weeks after surgery [55]. In our study, ALP
levels were found to be reduced in all groups compared
to the control group (p < 0.05), which may be because
the serum ALP values were measured 7 days after the
trauma.

TNEF-a may have different effects on different signaling
pathways in bone pathophysiology. Depending on the cell
type and the receptor activated, it can induce apoptotic
or survival signals. Furthermore, recent evidence sug-
gests that signaling in osteoclasts generally has a prolifer-
ative effect, while signaling in osteoblasts and osteocytes
has an inhibitory effect [56]. If the TNF-R1 and TNEF-R2
signaling pathways are activated by TNF-a, MAPK phos-
phorylation and NF-kB pathways can be activated in
osteoclasts, osteoblasts, and osteocytes [56, 57]. This may
cause delays in both the early inflammation and late heal-
ing phases due to TNF-aR deficiency [58]. Interestingly,
in our study, TNF-« levels were found to increase by
28.33% and 2.88% in Groups 3 and 6, respectively, com-
pared to the control group (p < 0.05), but decreased in all
the other groups (p < 0.05).

TNEF-a also induces transcriptional activation of genes
that indirectly promote bone resorption in osteoblasts,
such as the IL-6 and NF-«kB genes [59]. A review of recent
studies in the literature that used living mammalian sub-
jects suggests that neutrophil-mediated IL-6 signaling
is essential for physiological bone turnover and fracture
healing, while revealing that the role of IL-6 signaling in
impaired healing under conditions of excessive inflam-
mation remains to be determined [60]. In contrast, due
to its key role in both systemic post-traumatic inflamma-
tion and fracture healing, the pleiotropic cytokine IL-6
has been reported to play a role in the pathomechanisms
of impaired fracture healing caused by trauma [61]. Fur-
thermore, selective inhibition of IL-6 trans-signaling
has been confirmed by accelerated cartilage-to-bone
transformation, strengthened bone bridging of the frac-
ture gap, and improved mechanical callus properties
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[61]. Although global IL-6 inhibition has been reported
to significantly improve post-traumatic fracture healing
outcomes, it has also been highlighted that while selec-
tive inhibition of IL-6 trans-signaling does not impact
impaired fracture healing, it may have therapeutic poten-
tial for treating fracture healing complications [61].

Pesic et al. [62] found that serum TNF-a levels did not
show a statistically significant change in the early phase
of fracture healing in elderly patients with femur frac-
tures, while IL-6 levels showed a statistically significant
increase on the first day after the intervention. In our
study, serum IL-6 levels increased in all groups compared
to the control group, with the highest increase being in
Group 4, at 38.31%.

There are also studies in the literature suggesting that
OC plays no role in exercise-induced bone formation [63,
64]. It has also been reported that the carboxylated form
of OC—which is secreted by osteoblasts and is the most
abundant non-collagenous protein in bone—supports
bone mineralization and increases bone strength [65].
OC levels have been reported to increase following a
fracture and, in most cases, remain at slightly higher lev-
els throughout the healing process compared to the time
of trauma [53]. Similarly, in our study, serum OC lev-
els were observed to increase in all groups compared to
Group 1. This increase was greatest in Group 5 (73.84%),
followed by Group 6 (58.14%) and Group 4 (54.65%).
However, it cannot be concluded that the increase in
serum OC levels observed in these groups was due to
EXE administration.

In summary, except for serum Ca”* levels, the inter-
group comparisons of all serum markers evaluated in
this study were found to be statistically significant (p <
0.05). Furthermore, the study revealed a strong positive
correlation between the serum levels of Ca®>" and TP,
and a moderately strong negative correlation between
the serum levels of P and TP. A slightly greater-than-
moderate negative correlation was found between the
serum levels of P and Ca**, along with a weak negative
correlation between the serum levels of TNF-a and Ca**,
and a weak positive correlation between the serum levels
of TNF-a and P. A weak negative correlation was found
between the serum levels of IL-6 and Ca** and those of
IL-6 and P, with a weak positive correlation between the
serum levels of IL-6 and ALP. In addition, a weak posi-
tive correlation was found between the serum levels of
OC and IL-6. Based on the histopathological evaluation,
the lowest Huo scores were in Group 4 (Huo score = 1),
Group 3 (Huo score = 7), followed by Groups 5, 6, and 7
(Huo score = 8). The highest Huo score was in Group 2
(Huo score = 9).

In our study, bone regeneration was evaluated using
histopathological methods, which offer valuable quali-
tative insights into tissue architecture and healing.
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However, histomorphometric analysis is widely consid-
ered the gold standard for quantitatively assessing new
bone formation and bone remodeling. Chatzipetros et
al. [66] demonstrated the strength of histomorphometric
approaches in providing precise measurements of bone
volume, trabecular thickness, and other microstruc-
tural parameters that cannot be captured by qualitative
assessment alone. Although our findings support the
regenerative potential observed, the lack of histomor-
phometric data limits the quantitative interpretation of
bone healing in our model. Future studies incorporating
histomorphometry would provide a more comprehensive
evaluation of the extent and quality of bone regeneration.

When the possible EXE interactions with selected
proteins involved in inflammation and bone metabo-
lism were evaluated using the HADDOCK-based pro-
tein—protein docking method, the strongest interaction
was shown to be with GLP-1R (HADDOCK score = -
156.6 kcal/mol; BSA: 2503.6 A% Z-score: — 2.5). These
findings confirm the high-affinity binding of EXE to its
known pharmacological target and support the validity
of the docking protocol. Remarkably, EXE also showed
high-affinity binding with IL-6R (HADDOCK score
= - 105.3 kcal/mol; RMSD: 0.3 A; Z-score: — 2.2). This
suggests the possibility of direct interaction with inflam-
matory signaling pathways. Considering that IL-6 plays
a dual role in both bone healing and systemic inflamma-
tion, this molecular interaction may explain the increase
in serum IL-6 levels, especially in the group that received
EXE before the defect was created (Group 4). The exces-
sive IL-6 response observed in this group may have cre-
ated an imbalance in inflammation regulation, resulting
in delayed healing, consistent with the histopathologi-
cally low Huo score.

Similarly, significant binding was observed with
GPRC6A, the known OC receptor (HADDOCK score
= - 98.2 kcal/mol; RMSD: 0.2 A; Z-score: — 1.9). This
result supports a possible interaction with osteoblast-
related signaling pathways. This molecular binding also
coincides with an increase in serum OC levels in the
EXE groups. Furthermore, this suggests that EXE may
modulate bone formation via GPRC6A, in addition to
GLP-1R. Binding with TNFR1 was found to be weaker
than with other receptors (HADDOCK score = — 97 kcal/
mol; RMSD: 2.0 A; Z-score: — 0.9). This suggests that
EXE may not directly impact TNF-«, but may indirectly
modulate its pathways. This is consistent with the fact
that the serum TNF-a levels varied between the groups
in the study. In addition, in the docking study conducted
with the RUNX2 transcription factor—which plays a key
role in osteoblast differentiation—it was determined that
EXE exhibited moderate binding (HADDOCK score = —
89.6 kcal/mol; RMSD: 0.5 A). This finding highlights the
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possibility that EXE may directly affect osteogenic gene
expression at the transcriptional level.

Limitations

The sensitivity of human tissues differs from that of
animal tissues [67]. Therefore, data obtained from living
mammalian subjects may differ from data obtained from
humans [68, 69]. Although serum Ca®*, P, ALP, OC, TNF-
a, and IL-6 provide systemic information regarding bone
metabolism and the inflammatory process, these param-
eters are not sufficiently bone-specific to fully reflect
differences in local healing. Highly specific biomarkers
such as bone-specific ALP (BSALP) or tartrate-resis-
tant acid phosphatase 5b (TRAP5b), which are directly
related to osteoblast and osteoclast activity, could pro-
vide a more accurate evaluation of the remodeling stage.
Future research incorporating bone-specific biomark-
ers will contribute to a more detailed understanding of
bone healing dynamics. We employed a single radius
cortical defect model, which is reproducible and avoids
the need for internal fixation; however, as a non-load-
bearing bone, its translational relevance is lower than
that of femoral or tibial models. In addition, we focused
on histopathological, biochemical, and in silico evalua-
tions without including micro-computed tomography
or biomechanical analyses, which limits quantitative
assessment of bone regeneration. Furthermore, evalu-
ations were performed only on Day 7, thus capturing
early inflammatory and fibrocartilaginous phases and
not complete bone healing; longer follow-up periods are
required for a comprehensive assessment. An interesting
finding is that EXE pretreatment appeared to delay bone
healing, while posttreatment had more favorable effects.
Although the precise mechanisms were not investi-
gated, previous studies suggest that GLP-1R agonists may
modulate NF-kB, MAPK, and oxidative stress pathways,
which may underpin these observations. Further mecha-
nistic analyses, including immunohistochemistry and
molecular pathway studies, are needed to clarify this pos-
tulation. In addition, this study employed in silico meth-
ods. However, the docking analyses in this study were
performed only on static crystal structures and were not
supported by molecular dynamics simulations. There-
fore, the results should be interpreted strictly in the con-
text of generating biological hypotheses, rather than for
definitive mechanistic verification. Notably, however, to
overcome the limitations inherent in in silico approaches,
the biological validity of the in silico data was enhanced
by data obtained from in vitro laboratory analyses.

Conclusion

When all the findings are evaluated together, the in silico
docking data, in alignment with the biochemical and his-
topathological findings, offer a possible molecular mech-
anism for the versatile positive or negative effects of EXE
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on bone healing. These molecular data suggest that GLP-
1R agonists may impact not only glycemic control but
may also act on inflammatory and osteogenic pathways.
Thus, clinicians must carefully consider possible precau-
tions against potential negative impact on bone fractures
in T2DM cases and cases in which EXE is already being
administered.
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