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Objective. Technically primates and dogs represent ideal models to investigate diseases characterized by abnormal intracortical
remodeling. High expenses and ethical issues, however, restrict the use of those animals in research. Rodent models have been used
as alternatives instead, but their value is limited, if none, because these animals lack intracortical bone remodeling. This study aimed
at investigating the effect of ovariectomy onto the stimulation of intracortical remodeling in rat mandibles. Materials and Methods.
Sixteen 12-week-old Spraque-Dawly (SD) female rats were randomly assigned into two groups, receiving either ovariectomy or
sham operation. All the rats were sacrificed 18 weeks postoperatively. The entire mandibles were harvested for microcomputed
tomography (micro-CT) and histomorphometric assessments. Results. Micro-CT examination showed significantly decreased bone
mineral density (0.95 £ 0.01 versus 1.01 + 0.02 g/cms, P < 0.001) and bone volume (65.78 + 5.45 versus 87.41 + 4.12%, P < 0.001)
in ovariectomy group. Histomorphometric assessment detected a sixfold increased intracortical bone remodeling as well as an
increased bone modeling in mandibles of ovariectomized rats. Conclusion. For the first time, to the authors’ knowledge, it was
detected that ovariectomy stimulates intracortical remodeling in rat mandibles. This animal model might be of use to study various

bone diseases associated with an abnormal intracortical remodeling process.

1. Introduction

Bone remodeling plays a key role to maintain the skeletal
functional integrity. It is a site and time-specific event
combining bone resorption and formation. Higher mammals
with the harversian system undergo both cancellous and
intracortical bone remodeling, while lower mammals with-
out harversian system, such as mice and rats, do not normally
undergo intracortical remodeling [1-3].

Ovariectomized (OVX) rodents are a well-established
animal model in osteoporosis studies [4, 5]. Apart from tra-
becular bone turnover changes [6, 7], recent studies reported
that ovariectomy may induce intracortical remodeling in long
bones [8,9]. Whereas Kubek et al. found out that ovariectomy
induced intracortical remodeling of jawbones in mice [10],

stimulation of intracortical remodeling in rats has not yet
been investigated, so far.

The intracortical remodeling rate of human jawbones is
around 20 times higher than that of iliac crest [11]. Some
bone diseases associated with abnormal bone remodeling
such as bisphosphonate related osteonecrosis of the jaws
(BRONYJ) always preferentially affect jawbones [12]. To study
this disease in vivo, an adequate animal model therefore
is of paramount interest. Even though primates and dogs
represent ideal models, high expenses and ethical issues do
restrict their use. Rodent models have been widely used
to investigate bone diseases, but lack of intracortical bone
remodeling [13] limited their value in investigating bone
diseases with abnormal bone remodeling.
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FIGURE 1: ROI selection in micro-CT and histomorphometry assessment. (a) Trabecular bone inside the circle is selected as the ROI in micro-
CT assessment. (b) The bone area above the yellow line is defined as alveolar cortical bone; nonalveolar cortical bone is defined as the area

below the yellow line except for trabecular bone (square).

This study investigated the stimulating effect of ovariec-
tomy onto intracortical bone remodeling in rat mandibles.

2. Materials and Methods

2.1. Animal Care. The animal experiment was approved
by the Committee on Use Live Animal for Teaching and
Research, The University of Hong Kong. All rats were held
in a 12:12h light-dark circle with each rat separated in a
metal cage at 25 degree Celsius room temperature in the
Laboratory Animal Unit of the University of Hong Kong.
All animals were allowed free access to water and standard
rodent diet. Their general well-being was monitored by a 24 h
closed circuit television in the holding room during the entire
experimental period.

2.2. Ovariectomy (OVX) Surgery. Sixteen 12-week-old, fe-
male Spraque-Dawly (SD) rats were randomly assigned into
an OVX or a control group, with 8 in each. After a 7-day
acclimatization period, the rats of the OVX group underwent
a bilateral ovariectomy according to our standardized proto-
col already published elsewhere [14]. In brief, under general
anesthesia, a 2cm abdominal skin incision was performed.
Using artery forceps, the ovarian fat pad was gently grasped
and the ovaries were exposed. After removing the bilateral
ovaries, the fat pad was repositioned into the abdomen.
Wound closure was performed in two layers, adapting the
muscle layer with single stitch sutures (Vicryl 5/0, Johnsons
and Johnson, Hong Kong) and the skin layer with stainless
steel wound clips. The control group animals underwent a
similar procedure without removing the ovaries. All rats were
given meloxicam (5 mg in 250 mL drinking water, Metacam,
Boehringer Ingelheim, Germany) for 5 days postoperatively
for pain relief [14].

2.3. Fluorochrome Sequential Labeling. Fluorochrome label-
ing using calcein green (15mg/kg; C0875, Sigma-Aldrich,
Saint Louis Mo, USA) and alizarin complexone (30 mg/kg;
A3882, Sigma-Aldrich, Saint Louis, MO, USA) was per-
formed 10 days and 1 day before the sacrifice, respectively. The

reagents were dissolved in sodium bicarbonate solution and
administrated subcutaneously [15].

2.4. Sample Preparation. All rats were scarified 18 weeks
postoperatively. Mandibles were harvested entirely and the
attached soft tissue was carefully removed. All samples were
fixed in 10% neutral buffered formalin solution for 2 days and
then transferred to 70% ethanol for further use.

2.5. Micro-CT Examination. The changes of trabecular mi-
croarchitecture were assessed by micro-CT (SkyScan-1076 X-
ray microtomography, SkyScan, Kontich, Belgium) according
to the manufacturer’s instructions. The X-ray source was
supplied with 88kV voltage and 100 A electrical current.
Three-dimensional (3D) images were obtained at a resolution
of 18 um/pixel. The raw images were reconstructed and ana-
lyzed using CTAn software (CTAn, version 1.12.0, SkyScan,
Kontich, Belgium).

Trabecular bone in the interradicular septum of the first
molar (M1) was selected as the region of interest (ROI)
(Figure 1(a)). Its microstructure was assessed according to
the following parameters: bone mineral density (BMD),
bone volume/tissue volume (BV/TV), trabecular thickness
(Tb.Th), trabecular number (Tb.N), and trabecular separa-
tion (Tb.Sp) [16].

2.6. Histomorphometric Assessment. Histomorphometric as-
sessment was performed to evaluate the intracortical remod-
eling. Nondecalcified mandibles were dehydrated in graded
ethanol (70%, 95%, and 100%) and embedded in methyl
methacrylate (MMA, Technovit 7500, Kulzer, Hamburg, Ger-
many). Mandibles were sectioned (~100 ym thick) through-
out the molar region in a mesial-distal direction using a
diamond wire saw. The samples were mounted on slides and
ground to a thickness of 80 ym.

To ensure the measurement was performed at a similar
region in all the animals, sections containing the deepest root
of first molar in each animal were selected. The sections were
examined under fluorescence microscope (Nikon, Tokyo,
Japan).
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FIGURE 3: Photomicrograph of mandible in OVX rats viewed with fluorescent light. Labeled osteons (indicated by arrow) are found.

interlabel width (IrL.Wi) were measured. The mineralizing
bone surface (MS) was calculated as 0.5sLS + dLs. Mineral
apposition rate (MAR, ym/day) was calculated as Ir.L.Wi/10
(10 was the interlabel time). For the osteons with only
single label, MAR was set as 0.3 [17]. Surface-based bone
formation rate (BFR) (;4m3 / ymz/day) was calculated as MAR
x MS/BS. Intracortical BER (%/year) was calculated as (MAR
x 0.5BS/B.Ar) x 100 x 365. All measurements were in
accordance with a standard protocol [18].

2.6.2. Bone Modeling. Periodontal ligament attached bone
surfaces were selected to determine whether bone modeling
was affected by OVX. The parameters including MAR and
BER (um’/um®/day) were calculated as described above.

2.7 Statistical Analysis. All data were presented as mean
values + SD and analyzed by independent t-tests and non-
parametric tests using IBM SPSS statistics software (version
19.0, IBM Crop, Armonk, NY, USA). The significance level
was set as P < 0.05.

3. Results

3.1. Clinical Examination. General well-being was defined as
normal daily food and water intake, unremarkable behavioral
pattern, and normal daily activity of rats during entire
experimental period.

3.2. Micro-CT Examination. In the control group, the tra-
becular bone presented as a well-connected network, while
in the OVX group the trabecular bone withered and became
separated. Quantitative analysis revealed that the BMD (P <
0.001) and percentage of bone volume (BV/TV, P < 0.001)
were significantly decreased in OVX rats compared to those
of the control group. The trabecular thickness decreased (P <
0.001) whereas the trabecular separation increased (P < 0.01)

significantly in rats of OVX group. There was an increase in
the number of trabeculae in OVX rats but the difference was
not significant (P = 0.75) (Figure 2).

3.3. Histomorphometric Assessment

3.3.1. Intracortical Remodeling. In the alveolar bone region,
there was no significant difference related to the bone area
between the OVX rats (3.19 + 0.73 mm?) and the control
group (2.81 + 0.48 mm®). Labeled osteons were found in all
OVX rats (Figure 3), indicating activated bone remodeling in
the area. The average number of labeled osteons in OVX rats
(2.48 + 1.03 per mm?) was significantly higher (P < 0.01)
than the one in the control group (0.89 + 0.43 per mm?).
Histomorphometric assessment disclosed that intracortical
MAR (P < 0.01), surface-based BFR (P < 0.01), and
intracortical BFR (P < 0.01) were all significantly stimulated
in OVX rats (Figure 4(a)).

In nonalveolar regions, no significant difference in the
bone area between OVX rats (4.28 + 0.38 mm?) and the
control group (4.33 + 0.22 mm?) was detected. The number
of labeled osteons in OVX rats (0.43 + 0.18 per mm?) was
significantly higher (P < 0.05) than in the control group
(0.19 + 0.17 per mm?). Compared to the alveolar bone
region, the number of labeled osteons was much less than
in the nonalveolar bone region in both OVX rats (2.48 +
1.03 versus 0.43 + 0.18 per mm*) and the control group
(0.89 + 0.43 versus 0.19 + 0.17 per mm?). In OVX rats,
intracortical BFR was significantly increased compared to
the control group. Regarding MAR and surface-based BFR,
no significant difference between OVX rats and the control
group was found (Figure 4(b)).

3.3.2. Bone Modeling. The MAR (1.47 + 0.47 ym/day) and
surface-based BFR (0.99 + 0.36 ym’/um?*/day) in OVX rats
were significantly higher (P < 0.01) in the surface adjacent
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to the periodontal ligament compared to those in the control
group (0.53 + 0.11 ym/day; 0.16 + 0.05 um>/um?/day).

4. Discussion

Primates and dogs represent ideal animal models to investi-
gate diseases characterized by abnormal intracortical remod-
eling. Both models show intracortical remodeling throughout
the skeleton, just like humans [13, 19]. Ethical issues together
with high expenses, however, do restrict their laboratory use.
Rodents have been used instead to study these conditions, but
their model value is limited because these animals usually do
not display intracortical remodeling [13].

Some studies reported that intracortical remodeling in
rodents could be stimulated under pathological conditions
[8-10]. These findings raised the interest of using a “mod-
ified” rodent model mimicking human bone conditions to
investigate various bone diseases. Some studies have demon-
strated that ovariectomy remarkably stimulated intracortical
remodeling in long bones of rats and mice [8]; however, the
influence of ovariectomy on jawbones has not yet been fully
understood.

Jawbones have a unique structure and undergo the
highest intracortical remodeling rate throughout the skeleton
[11, 20]. Many diseases associated with abnormal intracortical
remodeling, such as BRONJ, affect the alveolar bone only
[21]. Therefore it is of great interest to establish a rodent
model which mimics the intracortical bone remodeling of the
human skeleton.

This study investigated radiographic and histomorpho-
metric changes in mandibular cancellous and cortical bones
of OVX rats. Consistent with previous studies, both tra-
becular bone volume and bone mineral density decreased
significantly after surgery [22, 23].

Histomorphometry is considered to be the gold stan-
dard in dynamic bone research. Better than other methods
which estimate the remodeling status detecting humeral
biomarkers, it may provide site-specific information directly
by measuring MAR and BEFR at different time points using
the fluorochrome sequential labeling approach [15].

As mature mammals routinely undergo remodeling in
cortical bones, the place where bone resorption and bone
formation occur simultaneously, BFR evaluation might pro-
vide insight into the intracortical remodeling rate. In this
study, active intracortical bone remodeling characterized by
labeled osteons in the cortical bone region was found in both
OVX rats and the control group. Rats after sham surgery
manifested a very low-rate mandibular remodeling, whereas
OVX rats disclosed significantly increased remodeling rates.
In the alveolar region, ovariectomy stimulated a six-time
higher intracortical BFR compared with that in control
animals. These findings were similar to a previous report by
Kubek et al. which so far is the only study addressing this issue
in mandibles in a mouse model [10].

In the bone surface attached to the periodontal ligament,
where bone modeling primarily takes place [24], a signifi-
cantly increased bone formation rate was detected in OVX
rats. On the contrary to this study, Kubek et al. [10] did
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not find any significant increase in bone formation. This
discrepancy may be attributed to the difference of animal
species (C3H mice versus SD rat) and/or the length of the
experiment, 8 weeks versus 18 weeks after surgery. Early
after ovariectomy, the bone resorption surpasses the bone
formation leading to bone loss; thereafter both processes
reach a steady state. The time needed to reach this steady
state varies in rats between 90 and 270 days [25]. To ensure
that the analysis was performed during the steady state, a
long experimental period of 18 weeks was selected in the here
presented study.

The study of Kubek et al. [10] confirmed that OVX mice
represented a useful tool to study BRONJ. Compared to
mice, rats might represent a more versatile animal model
in the research field of BRONJ as they also offer other
investigations related to bone remodeling processes such
as ligature induced-periodontal diseases or pulp-exposure
induced periapical infections inducing BRONJ. Such condi-
tions are technically difficult to be mimicked in mice because
of the smaller size of teeth and jawbones.

5. Conclusions

This study demonstrated that ovariectomy can stimulate
intracortical remodeling in rat jawbones, to the authors’
knowledge, for the first time. It might be taken into consider-
ation that OVX rats are useful to study various bone diseases
associated with abnormal intracortical bone remodeling
processes, such as BRONJ.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

This study was supported by the General Research Fund
(HKU785412), Research Grant Council of Hong Kong. The
authors appreciate the valuable technical assistance provided
by Orthopedic Research Centre, Department of Orthopedics
and Traumatology of the Li Ka Shing Faculty of Medicine, The
University of Hong Kong.

References

[1] L. Dalle Carbonare, M. T. Valenti, F. Bertoldo et al., “Bone
microarchitecture evaluated by histomorphometry;,” Micron,
vol. 36, no. 7-8, pp. 609-616, 2005.

[2] A. M. Parfitt, “The cellular basis of bone remodeling: the
quantum concept reexamined in light of recent advances in the
cell biology of bone,” Calcified Tissue International, vol. 36, no.
1, pp. S37-545, 1984.

[3] G.S. Beaupre, T. E. Orr, and D. R. Carter, “An approach for
time-dependent bone modeling and remodeling—theoretical
development,” Journal of Orthopaedic Research, vol. 8, no. 5, pp.
651-661, 1990.

[4] D.N. Kalu, “The ovariectomized rat model of postmenopausal
bone loss,” Bone and Mineral, vol. 15, no. 3, pp. 175-191, 1991.



BioMed Research International

(5]

(8]

(10]

(11

(12]

(16]

[17

G. Arcieri, E. Griffith, G. Gruenwaldt et al., “A survey of clinical
experience with ciprofloxacin, a new quinolone antimicrobial.,”
Journal of Clinical Pharmacology, vol. 28, no. 2, pp. 179-189,
1988.

R. T. Turner, G. L. Evans, and G. K. Wakley, “Mechanism
of action of estrogen on cancellous bone balance in tibiae of
ovariectomized growing rats: inhibition of indices of formation
and resorption,” Journal of Bone and Mineral Research, vol. 8,
no. 3, pp. 359-366, 1993.

M. Tanaka, E. Toyooka, S. Kohno, H. Ozawa, and S. Ejiri, “Long-
term changes in trabecular structure of aged rat alveolar bone
after ovariectomy,” Oral Surgery, Oral Medicine, Oral Pathology,
Oral Radiology, and Endodontics, vol. 95, no. 4, pp. 495-502,
2003.

C. Y. Li, M. B. Schaffler, H. T. Wolde-Semait, C. J. Hernandez,
and K. J. Jepsen, “Genetic background influences cortical bone
response to ovariectomy,” Journal of Bone and Mineral Research,
vol. 20, no. 12, pp. 2150-2158, 2005.

W. S. S. Jee, S. Mori, X. J. Li, and S. Chan, “Prostaglandin E,
enhances cortical bone mass and activates intracortical bone
remodeling in intact and ovariectomized female rats,” Bone, vol.
11, no. 4, pp. 253-266, 1990.

D. J. Kubek, D. B. Burr, and M. R. Allen, “Ovariectomy stim-
ulates and bisphosphonates inhibit intracortical remodeling in
the mouse mandible,” Orthodontics and Craniofacial Research,
vol. 13, no. 4, pp. 214-222, 2010.

L. P. Garetto, J. Chen, J. A. Parr, and W. E. Roberts, “Remodeling
dynamics of bone supporting rigidly fixed titanium implants:
a histomorphometric comparison in four species including
humans,” Implant dentistry, vol. 4, no. 4, pp. 235-243, 1995.

N. M. H. McLeod, V. Patel, A. Kusanale, S. N. Rogers, and
P. A. Brennan, “Bisphosphonate osteonecrosis of the jaw: a
literature review of UK policies versus international policies on
the management of bisphosphonate osteonecrosis of the jaw,”
The British Journal of Oral and Maxillofacial Surgery, vol. 49, no.
5, pp. 335-342, 2011

J. Jowsey, “Studies of Haversian systems in man and some
animals,” Journal of Anatomy, vol. 100, no. 4, pp. 857-864, 1966.

X.L.Liu, C.L. Li, W. W. Lu, W. X. Cai, and L. W. Zheng, “Skeletal
site-specific response to ovariectomy in a rat model: change
in bone density and microarchitecture,” Clinical Oral Implants
Research, 2014.

S. M. van Gaalen, M. C. Kruyt, R. E. Geuze, J. D. de Bruijn, J.
Alblas, and W. J. A. Dhert, “Use of fluorochrome labels in in
vivo bone tissue engineering research,” Tissue engineering Part
B: Reviews, vol. 16, no. 2, pp. 209-217, 2010.

A. M. Parfitt, M. K. Drezner, F. H. Glorieux et al., “Bone histo-
morphometry: standardization of nomenclature, symbols, and
units: report of the ASBMR Histomorphometry Nomenclature
Committee,” Journal of Bone and Mineral Research, vol. 2, no. 6,
pp. 595-610, 1987.

J. Foldes, M.-S. Shih, and A. M. Parfitt, “Frequency distributions
of tetracycline-based measurements: implications for the inter-
pretation of bone formation indices in the absence of double-
labeled surfaces,” Journal of Bone and Mineral Research, vol. 5,
no. 10, pp. 1063-1067, 1990.

D. W. Dempster, J. E. Compston, M. K. Drezner et al., “Stan-
dardized nomenclature, symbols, and units for bone histo-
morphometry: a 2012 update of the report of the ASBMR
Histomorphometry Nomenclature Committee,” Journal of Bone
and Mineral Research, vol. 28, no. 1, pp. 2-17, 2013.

(19]

(20]

(21]

[22]

M. L. Hillier and L. S. Bell, “Differentiating human bone from
animal bone: a review of histological methods,” Journal of
Forensic Sciences, vol. 52, no. 2, pp. 249-263, 2007.

S. S. Huja, S. A. Fernandez, K. J. Hill, and Y. Li, “Remodeling
dynamics in the alveolar process in skeletally mature dogs,” The
Anatomical Record A: Discoveries in Molecular, Cellular, and
Evolutionary Biology, vol. 288, no. 12, pp. 1243-1249, 2006.

C. Walter, K. A. Grotz, M. Kunkel, and B. Al-Nawas, “Prevalence
of bisphosphonate associated osteonecrosis of the jaw within the
field of osteonecrosis,” Supportive Care in Cancer, vol. 15, no. 2,
pp. 197-202, 2007.

S. Kuroda, H. Mukohyama, H. Kondo et al., “Bone mineral
density of the mandible in ovariectomized rats: analyses using
dual energy X-ray absorptiometry and peripheral quantitative
computed tomography;” Oral Diseases, vol. 9, no. 1, pp. 24-28,
2003.

S. Kawamoto and E. Nagaoka, “The effect of oestrogen defi-
ciency on the alveolar bone resorption caused by traumatic
occlusion,” Journal of Oral Rehabilitation, vol. 27, no. 7, pp. 587-
594, 2000.

B. Melsen, “Tissue reaction to orthodontic tooth movement—a
new paradigm,” European Journal of Orthodontics, vol. 23, no. 6,
pp. 671-681, 2001.

P. P. Lelovas, T. T. Xanthos, S. E. Thorma, G. P. Lyritis, and L. A.
Dontas, “The laboratory rat as an animal model for osteoporosis
research,” Comparative Medicine, vol. 58, no. 5, pp. 424-430,
2008.



MEDIATORS

INFLAMMATION

The SCientiﬁc Gastroentero\ogy & . Journal of )
World Journal Research and Practice Diabetes Research Disease Markers

International Journal of

Endocrinology

Journal of
Immunology Research

Hindawi

Submit your manuscripts at
http://www.hindawi.com

BioMed
PPAR Research Research International

Journal "’f
Obesity

Evidence-Based

Journal of Stem CGHS Complementary and L o' ‘ Journal of
Ophthalmology International Alternative Medicine & Oncology

Parkinson’s
Disease

Computational and . z
Mathematical Methods Behavioural AI DS Oxidative Medicine and
in Medicine Neurology Research and Treatment Cellular Longevity



