Does the intraperitoneal dexmedetomidine induce bone
regeneration in cranial defects at subsedative doses in rabbits?
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Abstract

Objective: Dexmedetomidine has been shown to exert protective and curative effects on various tissues and organs in differ-
ent pathological processes. This study aimed to investigate the effect of dexmedetomidine on the regeneration process after
inducing a critical-sized bone defect in the calvarium of rabbits. Subject and Methods: Twenty-four male Oryctolagus
cuniculus rabbits were divided into three groups, and an 8-mm circular parietal critical-sized bone defect was induced in all
groups. Group LD was given dexmedetomidine 2.75 ug/kg; Group_HD, dexmedetomidine 5.5 ug/kg; and Group-C, saline; all
administered intraperitoneally for 7 days. The blood pressure and sedation score of the rabbits were evaluated. Bone tissue
samples collected at the end of 8 weeks were examined via micro-computed tomography (micro-CT) and histomorphometry.
Results: The micro-CT results indicated that regeneration significantly improved in all parameters in the dexmedetomidine-
treated groups (p < 0.001). Furthermore, low-dose dexmedetomidine statistically significantly increased the bone volume ratio
(BV/TV) compared with high-dose dexmedetomidine (p = 0.002). Trabecular thickness, connectivity value, and connectivity
density were statistically significantly higher in Group_LD than in Group_HD (p < 0.001). The highest BA/TA% measurement
in histomorphometry was observed in Group-HD, with a mean of 29.81% =+ 8.52%. Significant intramembranous ossification was
observed in the dexmedetomidine-treated groups, and active osteoblasts were observed in at the margin of the new bone tra-
beculae. Conclusion: This study demonstrated that dexmedetomidine increases osteoblastic activity and regeneration quality.
In particular, low-dose dexmedetomidine exerted a more significant positive effect on the regeneration process and regenerative

tissue quality than high-dose dexmedetomidine according to the micro-CT parameters.

Introduction

Regeneration of bone tissue lost due to trauma or an intervention such as cancer surgery is a complex process.
Bone repair involves four overlapping phases: initial inflammatory response, soft callus formation, hard callus
formation, initial bone fusion, and bone remodelling [1]. Recently, intensive research has been conducted on
the improvement of bone healing processes [2-5].

In the literature, there have been studies on bone regeneration that used many different materials, techniques
(low-intensity pulsed ultrasound, pulsed electromagnetic fields, dynamic loading, etc.), and pharmacological
agents to increase the treatment success rate by improving the quality and resistance of the regenerative
tissue [6-13]. On the other hand, gene therapy in rabbits needs to be investigated further to validate the
results and test them clinically [4,14].

Dexmedetomidine is a highly selective a2-adrenoceptor agonist with a broad pharmacologic spectrum that



exhibits sedative, anxiolytic, and hypnotic effects in addition to analgesic and sympatholytic properties. The
sedative effect is dose-dependent. Low doses induce conscious sedation, whereas higher doses induce deep
sedation and general anesthesia [15].

In recent years, the different beneficial effects of dexmedetomidine have been investigated [16-24], and
antioxidant, anti-inflammatory, and antiapoptotic effects have been reported [16-19]. The organ-protective
and damage-reducing effects of dexmedetomidine against injury in various processes in different tissues and
organs have been demonstrated in many studies [20-23]. Most importantly, dexmedetomidine has been shown
to increase gene levels related to osteogenesis and angiogenesis as well as reduce apoptosis in osteoporotic
rats through the miR-361-5p/VEGFA axis [24]. Another research conducted on fetal osteoblast cell culture
reported that dexmedetomidine inhibited apoptosis and increased osteoblastic activity in H202-induced
oxidative stress model [17]. To the best of our knowledge, there is no study investigating the osteogenic
effect of dexmedetomidine on regeneration after the occurrence of critical-sized bone defects.

This study was based on the hypothesis that dexmedetomidine improves bone regeneration after the occur-
rence of bone defects, especially because the positive effects of dexmedetomidine on the bone tissue were
reported in addition to its other beneficial effects. Furthermore, there was no well-defined experimental
model for the intraperitoneal (IP) dose of dexmedetomidine in rabbits. Therefore, this study aimed to inves-
tigate the beneficial effect of dexmedetomidine on bone regeneration and to establish an experimental model
for future studies by determining the hemodynamic side effect and clinical sedation scores that would occur
in rabbits at the doses used in this study. Herein, the effects of dexmedetomidine on bone regeneration after
the induction of a critical-sized bone defect was investigated radiologically and histomorphometrically.

Materials and Methods

Ethical approval from the Committee on Animal Research and Ethics of Kirikkale University was obtained
for the study (approval number: 2020/08-49). This experimental study conformed to the ARRIVE Guide
for the Care and Use of Laboratory Animals [25]. The study was conducted on 24 male, healthy, non-
immunocompromised, and non-genetically modified Oryctolagus cuniculus rabbits (20 weeks old and weigh-
ing approximately 2.7 kg). The rabbits were kept in separate cages at appropriate light/dark cycle, humidity,
and temperature. In addition, they were fed water and standard laboratory chow ad libitum.

1. Experimental Protocol

The rabbits were randomly divided into three groups of eight rabbits each. During the first 7-day inflam-
matory phase, dexmedetomidine was administered to improve the bone regeneration process.

The organ and tissue protective intraperitoneal dose of dexmedetomidine in rabbits was not clearly identified.
It was demonstrated that 1 ug/kg intraperitoneal dexmedetomidine administration had no protective effect
on traumatic spinal cord injury in rabbits [26]. However, intravenous dexmedetomidine infusion at a dose
of 2.75 pg/kg was shown to be protective against myocardial ischemia-reperfusion injury in rabbits [27].
Intraperitoneal administration of dexmedetomidine at doses of 2.5 and 5 pg/kg has been shown to reduce
the severity of vancomycin nephrotoxicity in rats [23]. When the data were evaluated together, it was decided
to administer intraperitoneal dexmedetomidine at doses of 2.75 and 5.5 ug/kg and to compare the clinical,
radiologic and histomorphometric effects of two different doses.

In the low-dose dexmedetomidine group (Group_LD), the same defect was induced on the rabbits.
Dexmedetomidine (Semotidine, 200 pg/2 mL; Vem Pharmaceuticals, Turkey) was initially administered
30 min before the defect induction and then once daily at a dose of 2.75 ug/kg in 5-mL SF at the same time
for 7 days.

In the high-dose dexmedetomidine group (Group-HD), the same defect was induced on the rabbits.
Dexmedetomidine was initially administered 30 min before the defect induction and then once daily at
a dose of 5.5 pg/kg in 5-mL SF at the same time for 7 days.

In the control (Group_C), an 8-mm circular parietal bone defect was induced on the rabbits. Saline (SF, 5



mL) was initially administered 30 min before the defect induction and then once daily at the same time for
7 days.

All injections were administered by the same physician (GNE). Only MEO was aware of the group allocation
at all stages of the experiment.

General anesthesia was induced by administering 50 mg/kg ketamine HCL (Ketax, 500 mg/10 mL, Vem
Pharmaceuticals, Turkey) intramuscularly before surgery. In addition, local anesthesia was induced by admi-
nistering 2-mL 1/10000 adrenaline-containing articaine HCL (Maxicaine, 80 mg/2 mL+0.01 mg/2 mL, Vem
Pharmaceuticals, Turkey) to the skin. After inducing anesthesia, subperiosteal dissection was performed on
the left parietal bone. The periosteum was sharply dissected, the flap removed, and the bone tissue exposed.
Under saline irrigation, a 2-mm depth was drilled using an 8-mm Trephine Burr. An 8-mm circular bone
defect, reported to be the minimum critical bone defect size in the literature [28], was induced by lifting
the bone like a cap using an osteotome; the distance between the medial edge of the circular defect and the
interparietal suture was 2 mm. The dura mater was protected during the procedure (Figure 1A). After the
procedure, the skin and periosteum were closed using 4-0 polyglycolic acid sutures. Furthermore, all rabbits
were intramuscularly injected with enrofloxacin 5 mg/kg (Baytril-K 5%, Bayer Healthcare LLC., Turkey)
and meloxicam (Meloxicam, 250 mg/50 mL, Bavet Veterinary Pharmaceuticals, Turkey) once daily for 5
days. The rabbits were followed up for 8 weeks. At the end of the 8 weeks after the defect induction, all
rabbits were sacrificed via IP administration of a high-dose (150 mg/kg) of pentobarbital (pental sodium, 0.5
g, LE. Ulagay, Menarini Group, Turkey). There were no expected or unexpected adverse events in the study.
Bone tissue samples were collected to obtain at least 3 mm of intact bone tissue in the region of the defective
parietal bone (Figure 1B). The specimens were examined via micro-computed tomography (micro-CT) and
histomorphometry.

2. Blood Pressure Measurement and Sedation Scoring

Sedation score and non-invasive blood pressure (NIBP) were determined and measured, respectively, in all
rabbits every 5 min within 30 min after IP administration of dexmedetomidine or SF. NIBP measurements
were performed using a Mindray uMEC 10 monitor (Shenzhen Mindray Bio-Medical Electronics Co., 2021,
China) and a 5-10-cm NIBP cuff. The scoring system used by Raekallio et al. was used here to evaluate
sedation (Table 1) [29]. According to the scoring system, 11 was set as the highest sedation score.

3. Micro-Computed Tomography

We used a micro-CT system (Bruker, Skyscan 1275, Belgium) for scanning tissue samples [8]. The structural
parameters were tissue volume (TV), bone volume (BV), percent of bone volume (BV/TV ratio), trabecular
thickness (TbTh, in millimeters), trabecular spacing (TbSp, in millimeters; mean distance between the
trabeculae), connectivity, and connectivity density (ConnDn, 1 per cubic millimeter). These variables were
evaluated in three dimensions (3D) as previously done [8].

4. Histomorphometry

The bone samples were fixed in 10% phosphate-buffered formalin (pH 7.0) and decalcified in De Castro
solution at room temperature. After rinsing the samples with phosphate buffer and dehydrating in graded
ethanol series, they were paraffin-embedded using a vacuum tissue processor (Leica, Germany). Paraffin
sections (3—4-um thick) were prepared using a sliding microtome (Leica, Germany). After staining sections
with hematoxylin—eosin (HS) and Masson’s trichrome, they were observed under a bright-field microscope
(Leica DMBG6 B, Wetzlar, Germany) equipped with a digital camera (Leica DFC7000 T, Wetzlar, Germany)
to quantitatively evaluate new bone formation in the defect area of the parietal bone. New bone formation
was observed on the entire surface of the defect area of each specimen, and the ratio of new bone formation to
the total bone surface was quantified using an image processing software (Leica, LAS Germany) as previously
done [8,30,31].

5. Statistical Analysis



In the study, the number of rabbits was set so that the power of the test was >80%. The SPSS software
(SPSS v25, IBM Statistics, USA) was used for the whole analysis. The independent and dependent variables
were expressed as groups and histomorphometry and micro-CT data, respectively. Normal data distribution
was evaluated using the Shapiro-Wilk test. Multiple comparisons for the whole raw data of the micro-CT
and histomorphometric analyses were conducted using one-way analysis of variance and pairwise comparisons
using Tukey’s and Duncan’s tests. P < 0.05 was considered statistically significant. The descriptive statistics
of the parametric data were expressed as mean, minimum, and maximum values.

Results

Sedation scores and the NIBP within 30 min after IP dexmedetomidine administration to the rabbits are
presented in Table 2. Sedation did not occur in any of the rabbits within 30 min after IP injection, and
blood pressure did not change by more than 10%. In all rabbits, blood pressure decreased by less than 10%
at the 5th minute compared with that at baseline.

1. Micro-Computed Tomography

The BV/TV ratio, trabecular thickness, trabecular separation, connectivity, and connectivity density were
evaluated in the parietal bone tissue in all the groups via in vivo microcomputer scanning (Figure 2). The
mean values of the parameters for each group are presented in Table 3.

1.1. Bone Volume Ratio (BV/TV Ratio)

The bone tissues in Group_LD and Group_HD exhibited a statistically significantly higher BV compared with
those in Group-C (p < 0.001, Figure 3A). Low-dose dexmedetomidine statistically significantly increased the
BV/TV ratio compared with high-dose dexmedetomidine (p = 0.002).

1.2. Trabecular Thickness

The trabecular thickness in the control was significantly lower than those in the groups treated with high-
and low-dose dexmedetomidine (p < 0.001, Figure 3B). The trabecular thickness in Group-LD was found to
be significantly higher than that in Group_HD (p < 0.001, Figure 3B).

1.3. Trabecular Separation

The trabecular separation in the control was significantly higher than that in the groups treated with high-
and low-dose dexmedetomidine (p < 0.001, Figure 3C). No significant difference was observed between
Group_HD and Group_LD when the data were compared via statistical analysis in multiples and pairs
(Figure 3C).

1.4. Connectivity

The connectivity values of the bone tissue in the control were statistically significantly lower than those in
the groups treated with high- and low-dose dexmedetomidine (p < 0.001, Figure 3D). The connectivity value
in Group_LD was significantly higher than that in Group_HD (p < 0.001, Figure 3D).

1.5. Connectivity Density

The connectivity density in the control was significantly lower than those in the groups treated with high- and
low-dose dexmedetomidine (p < 0.001, Figure 3E). The connectivity density in Group-LD was significantly
higher than that in Group-HD (p < 0.001, Figure 3E).

2. Histomorphometry

The defect area did not completely ossify in any of the groups treated with low (Figure 4D, E, F) and high
(Figure 4G, H, I) doses of dexmedetomidine and in the control (Fig. 4A, B, C). The highest BA/TA% was
observed in Group_HD, with a mean value of 29.81% + 8.52%. Group_LD and Group_C had mean values of
22.66% =+ 5.25% and 25.83% =+ 4.81%, respectively. BA/TA% was found to be higher in Group_HD than in
Group_C and Group_LD; however, the difference was not significant (Figure 4J). The BA/TA% in Group_LD



was similar to that in Group_C. Intramembranous ossification of the cavity from the periphery and synthesis
of the osteoid matrix by osteoblasts within the new bone, characterized by basophilic cementum lines in the
sections stained with HS, were observed more clearly in the groups treated with dexmedetomidine than in
the control. Active osteoblasts lined up linearly at the edges of the new bone trabeculae. In the sections
triple-stained with Masson’s trichrome, the new bone in the calcification process was stained green and the
mature bone red.

Discussion This study demonstrated that dexmedetomidine increased the quality and quantity of bone
formation measured via micro-CT and histomorphometry at subsedative doses when used for a critical-
sized bone defect for an 8-weeks’ time period. In the histomorphometric evaluation, it was noteworthy
that intramembranous ossification and osteoblast activation were observed in the dexmedetomidine-treated
groups. Dexmedetomidine was approved by the Food and Drug Administration in 1999. It can be used as an
anesthetic or sedative for patients who are intubated and mechanically ventilated in the intensive care unit
as well as in patients who are not intubated during procedural sedation [32].

This study investigated the effects of intraperitoneally administered dexmedetomidine on critical-sized cranial
bone defect regeneration, systemic hemodynamics, and sedation score at doses of 2.75 and 5.5 pg/kg. Our
results indicated no significant change in blood pressure at the aforementioned doses. Dexmedetomidine
intravenously administered at doses of 2.75 and 5.5 pg/kg did not seriously affect hemodynamic parameters
[33]. On the contrary, intravenous infusion of dexmedetomidine at a dose of 2.75 ug/kg reduced the magnitude
of myocardial ischemia and protected the myocardium from ischemia reperfusion injury [27]. However, an
IP dose of 1 pg/kg did not exert beneficial effect in traumatic spinal cord injury [26]. Our results on the
unchanged blood pressure were in agreement with those of the previous literature at the 5th minute. The high
blood pressure measurements immediately after IP injection may be due to stress. In a study conducted on
rabbits, the mean sedation score after intramuscular injection of 25 ug/kg dexmedetomidine and 0.2 mg/kg
midazolam was reported to be 10.0 [29,34]. According to the same scoring system, the score was 0 in all
rabbits in Group_LD and Group_C, whereas some rabbits in Group_HD were sitting with their heads up and
thus scored 1. In this regard, it has been demonstrated that sedation did not occur in any of the rabbits
at the doses used in this study. Consequently, an experimental model in which dexmedetomidine could be
intraperitoneally administered to rabbits at doses of 2.75 and 5.5 pg/kg without causing clinical sedation
and hemodynamic change could be used in various experimental studies.

Our study revealed that dexmedetomidine significantly increased the BV/TV ratio, trabecular thickness and
density, connectivity, and connectivity density by micro-CT in Group_LD and Group-HD on week 8 compared
with the control. Low-dose dexmedetomidine (2.75 pg/kg) improved all of the micro-CT parameters of
ossification better than those of high-dose dexmedetomidine (5.5 pg/kg). Dexmedetomidine was also found
to increase BA/TA% by histomorphometry in Group HD compared with the control and Group_LD, with
no statistical significance. Few studies have reported evidence of the beneficial effects of dexmedetomidine
on human fetal osteoblasts and osteoporotic rats (17,24). Yoon and colleagues demonstrated that 5 uM
dexmedetomidine pretreatment in human fetal osteoblast cell line in an H202-induced oxidative stress model
increased cell viability by MTT assay, inhibited apoptosis by Annexin-V FITC/PI staining and increased
osteoblastic activity by bone nodular mineralization using Alizarin red S staining [17]. Our study did not
evaluate the in vitro performance of dexmedetomidine at the cellular level because the research question
was based on the healing capacity of the critical-sized cranial defect animal model. Our in vivo model
demonstrated an improved ossification parallel to the increased osteoblastic activity in the previous in vitro
study but by systemic administration of the same medicine at different doses at different time points.

The osteogenesis- and angiogenesis-triggering effects of dexmedetomidine were demonstrated in a rat
ovariectomy-induced osteoporosis model when administered at a dose of 20 ug/kg into the knee at 8 weeks
following ovariectomy via micro-CT, HE staining, and western blot analysis [24]. Dexmedetomidine was
found to increase the BV/TV ratio, bone mineral density, and trabecular thickness and decreased trabecu-
lar separation via micro-CT in rat femur. Furthermore, it increased the expressions of angiogenesis-related
(VEGFA and PDGF) and osteogenesis-related (BMP-2, OPG, and Runx2) genes by inhibiting miR-361-5p



via western blot. Improvement of the osteoporosis degree was demonstrated in HE staining by histopatho-
logical assessment [24]. In the present study, dexmedetomidine, when administered intraperitoneally 30
min before the critical-sized bone defect surgery, significantly increased the BV/TV ratio, trabecular thick-
ness, connectivity, and connectivity density and significantly decreased trabecular separation by micro-CT.
Intramembranous ossification and synthesis of osteoid matrix by osteoblasts within the new bone were ob-
served more clearly in the dexmedetomidine-treated groups compared with the control in HE staining by
histopathological assessment.

During the initial 7-day inflammatory phase, the negative effects of prolonged and increased release of
inflammatory cytokines (TNF-o, TGF-3, IL1-8, IL6, IL18, and IL23) on the bone are well known [35].
However, a short-term and controlled inflammatory response is critical for bone healing [34]. The anti-
inflammatory effect of dexmedetomidine has been demonstrated in various studies [36,37]. It was considered
that dexmedetomidine administered during the inflammatory phase may have improved regeneration quality
by controlling excessive inflammatory response in our study. The micro-CT findings indicated that the re-
generation quality was slightly lower in Group_HD than in Group_LD. Although the inflammatory mediators
were not studied, it was thought that dexmedetomidine administered at a dose of 5.5 ug/kg significantly
suppressed the inflammatory response, limiting the effect of increased regeneration quality. Our study also
demonstrated increased new bone formation by micro-CT and histomorphometry within the critical-sized
cranial defect area on week 8 following repeated IP injections.

In this study, dexmedetomidine significantly increased the BV/TV ratio by micro-CT and the BA/TA ratio
by histomorphometry, with no statistical significance. A study that compared micro-CT and histomorpho-
metric evaluations reported that due to the processing technique, tissue shrinkage may occur during fixation,
dehydration, and clearing, which would affect the digital histomorphometric measurements, so that micro-CT
evaluation can provide more accurate information compared with histomorphometry [38]. Bone formation
is a 3D process; therefore, techniques that provide 3D images are preferred for evaluation rather than those
that provide 2D images, such as histologic micrographs [30]. Studies conducted on different tissues have
shown very different levels of correlation between the results of micro-CT and histomorphometry [30,39,40].
Thus, correlation between different parameters could not always be demonstrated on a limited number of
rabbits due to ethical regulations and the single time frame.

This study investigated whether dexmedetomidine had a positive or negative effect on the healing process
after the induction of bone defect. Therefore, the lack of research into the mechanisms underlying the healing
effect of dexmedetomidine is likely to be a limitation of our study. Furthermore, heart rate and peripheral
oxygen saturation could not be evaluated for the hemodynamic effects because the rabbits were not sedated
or immobilized.

Conclusion

This study demonstrated the beneficial effect of dexmedetomidine on bone regeneration on a critical-sized
cranial defect model. It became clear that further experimental studies, including studies on the dose and
pathophysiological mechanism, need to be planned to substantiate the beneficial effect of dexmedetomidine
on bone regeneration. In this regard, the results of the study were expected to lead to the conduct of
experimental and clinical studies in the future.
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Table Legends

Table 1. Semi-quantitative sedation level assessment scale in rabbits [29].

Table 2. Non-invasive blood pressure (NIBP) and sedation score assessment results.
Table 3. Evaluation of micro-CT parameters.

Figure Legends

Figure 1. A: Implementation of circular bone defect surgery. B: Collection of bone tissue samples after
sacrification. X: Margin of the circular bone defect area.

Figure 2. 3D micro-CT images. Group a: Low-dose dexmedetomidin application there is a considerable
amount of new bone formation showing on micro-CT images. Group b: High-dose dexmedetomidin appli-
cation, there is bone healing but less than previous group. Group c: Control group showing defective bone
areas without healing on micro-CT images.

Figure 3. In bone tissues of the control group (Group_C) and high- (Group_HD) and low-dose (Group
LD) dexmedetomidine applied groups by in vivo microcomputer scanning (A ) bone volume/total volume
(BV/TV), (B ) trabecular thickness, (C' ) trabecular separation, (D ) connectivity, and (E ) connectivity
density are given as mean-standard deviation graph. Accordingly, a: control, b: high-dose dexmedetomidine
and c: low-dose dexmedetomidine indicate a statistically significant difference (p < 0.05 ).



Figure 4. Left column (4, D, G ) depicts the low-magnified tile scan images used to measure the defect
area (DA) and new bone (NB) area (40z ). Middle column shows the new bone formation at the edge of the
defect area at high magnification (B, E, H ). Osteoid (Os) is observed in green, and new bone trabeculae in
the calcification process in green to red with Masson’s Trichrome (MT) (100z ). In the right column (C, F, I
), osteoblasts (Ob), cement lines (C), and osteocytes (O) located in the lacunae were observed in the region
where the osteoid is replaced by calcified bone in the defect area (400z ). Group_C: Control; Group_LD: Low-
dose dexmedetomidine-applied group; Group_HD: High-dose dexmedetomidine-applied group; MT: Masson’s
Trichrome; HE: Hematoxylin-eosin. The mean-standard deviation plot (J ) shows the histomorphometric
analysis results. The ratio of the newly-formed bone surface area in the defect area to the total bone surface
area BA/TA(%) was measured.
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