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Abstract

Osteoporosis is a major public health problem affecting more than 200 million people worldwide. The use of different
animal models, for the study of its pathophysiology and treatments, is important being actually the ovariectomized rat the
most widely used; although this model has several problems due its small size, lack of true closure of epiphyseal plate and
bone differences with humans. This review is aimed at summarizing the most common methods published for osteoporosis
induction in rabbits as model for human disease with their advantages and disadvantages. The paper shows the advantages
of the use of this specie compared with the rat. All the techniques seemed to achieve the osteoporotic condition, but the
one which obtained the most consistent bone mineral reduction in less time was the combination of surgery and corticoid
treatment. The conclusion of the review was that rabbits are promising as a model of osteoporosis research because of their
size, haversian remodelling and closure of epiphyseal plate, which solve some of the problems of the rat model. There are
different techniques in the literature used to achieve the osteoporotic condition with diverse results, but there is a lack of

consensus as to the best one.
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Introduction

Osteoporosis is a systemic skeletal disorder characterised by
a decrease in bone mass and microarchitectural deterioration
in bone structure, which lead to a decrease in bone strength
and an increased risk of fractures. It is caused by an imbal-
ance between the activity of osteoblasts, which form bone,
and that of osteoclasts, which resorb it. This imbalance is
influenced by hormones, diet, physical activity, cytokines,
and clinical general status [1].

The osteoporotic disease is a major public health prob-
lem worldwide, especially in postmenopausal women and
in the elderly population, leading to significant morbidity,
mortality and involving high-cost health care [2]. It affects
almost 75 million people in United States, Europe and Japan,
more than 200 million people worldwide and it is expected
to increase with the growing life span, being duplicated by
2040 [3].
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Osteoporosis is generally classified as primary or second-
ary. Primary disease includes juvenile idiopatic, postmeno-
pausal and senile osteoporosis and is the most prevalent in
humans. Secondary osteoporosis, which is about 10% of the
total number of cases, may be the result of different factors,
such as treatment with glucocorticoids, endocrine disorders,
gastrointestinal pathologies, lifestyle factors, and long-term
immobilisation [4].

A study group of the World Health Organization (WHO)
defined in 1994 the osteoporosis status as a reduction in the
bone mineral density (BMD) or the bone mineral content
(BMC) in at least 2.5 standard deviation (SD) of the mean
reference value of a healthy 30-year-old person (same sex
and race) measured in the same anatomical site and with the
same technology. When BMD or BMC is between 1 and 2.5
SD below the mean, the condition is considered osteopenia
[5, 6].

Although primary osteoporosis seems to be a disease
restricted to humans because this condition is not naturally
present in animals, studies in humans are difficult due to
the slow development of the disease and the difficulty of
obtaining healthy, or in the initial pathological phases, bone
samples for its analysis [4]. Another challenge, when the
effectiveness of therapies in humans are evaluated in clinical
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trials, is the difficulty of obtaining homogeneous groups
due to the different lifestyle habits that can alter the results
(alcohol consumption, smoking, diet and others). Because
of these problems, animal models of the disease are really
necessary in issues such as the study of pathogenesis or the
evaluation of new therapies [7].

Animal models of osteoporosis can be classified in two
main categories, depending on the dominant mechanism of
induction: increase in bone resorption, (e.g., ovariectomy),
and reduction in bone formation (e.g., glucocorticoid-
induced osteoporosis) [8]. Actually, it is not an animal model
that absolutely mimics all the characteristics of the human
disease [9], and several animal species have been used, each
of them has its pros and cons. Since 1994, the US Food
and Drug Administration (FDA) have required data from at
least two different animal models for the evaluation of new
therapies. These models should include the ovariectomized
rat model and a non-rodent large animal model with a Haver-
sian system [10].

The ovariectomized rat is the most widely used model
for osteoporosis research, due to the FDA requirement, low
price, ease in handling and housing, and because the ova-
riectomy (OVX) in those animals has been demonstrated
to induce a cancellous bone loss, mimicking the postmeno-
pausal human osteoporosis [11, 12]. However, using rats
for osteoporosis studies have several problems, such as the
inability to achieve a true epiphyseal plate closure, lack of a
Haversian system, and the minimal remodelling of the corti-
cal bone [11-15]. These facts limit its suitability to test ana-
bolic therapies. Additionally, its small size makes difficult
the study of implant fixation or prosthetic devices as well as
studies that need several biopsies or the collection of high
blood volumes [11, 14].

Different large animals were used as osteoporosis mod-
els, including non-human primates [16—18], sheep [19, 20],
dogs [21, 22] and pigs [23]. However, these animals are
expensive, difficult to manage and house in large numbers
[12, 24] and, in addition, their use in research is not socially
accepted [25]. Rabbits as an experimental model are rela-
tively economical, easy to handle and house, available in
large genetically homogenous groups and suitable in size to

evaluate conventional dental implants and some prosthetic
devices [26].

In case of osteoporosis research, rabbits show several
advantages compared to rats: they achieve complete clo-
sure of the epiphyseal plate at 6—8 months [27], have an
active Haversian remodelling, analogous to that observed
in humans, bone turnover faster than rodents and primates
[28], and develop a significant bone loss. The advantages
and disadvantages of using them as a model of osteoporosis
are summarised in Table 1.

The aim of this review is to summarise the most com-
monly used methods to induce osteoporosis in rabbits found
in the literature as well as to conclude the advantages and
disadvantages of each of them.

Materials and methods
Eligibility criteria

1. Studies inducing osteoporosis in rabbits using one of
these methods: glucocorticoid administration, OVX,
glucocorticoid administration and OVX or a low-cal-
cium diet administration and OVX.

2. Studies reporting data on bone changes and osteoporosis
induction before the use of treatments or implantable
devices.

3. Articles in English.

The search strategy was performed in the MEDLINE
database of the US. National Library of Medicine up to and
including May 2018, using the combination terms: “oste-
oporosis animal models”, “rabbit osteoporosis”, “rabbit
ovariectomy”, “glucocorticoid-induced osteoporosis” and
“rabbit glucocorticoid osteoporosis”. An extensive manual
search was also performed through the references listed in
the included papers.

This search resulted in 49 research studies. Thirty-three
studies met the inclusion criteria and the main reason for

the exclusion was the lack of osteoporotic induction data.

Table 1 Main advantages

. - Advantages
and disadvantages of using

Disadvantages OP induction methods

rabbits as an animal model of
osteoporosis

Affordable

Docile, easy to handle

Easy to maintain in large groups com-

pared with bigger animals

Suitable size for implants

Skeletal maturity (6—8 months) (clo-

sure of epiphyseal plate)

Haversian remodelling

Different microstructure with less
cancellous bone

Ovariectomy (OVX)

Small for some prosthesis OVX +a low-calcium diet

Osteoporosis induction only with Glucocorticoids (GC)
OVX takes a long time
Different gait OVX+GC
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Results

There are four principal methods to induce osteoporosis
in rabbits, with the goal of achieving bone loss due to dif-
ferent mechanisms:

e Estrogenic deprivation induced by OVX;

e combination of OVX with a reduction in the dietary
calcium intake;

e administration of glucocorticoids;

e combination of OVX and glucocorticoid injection.

In the case of glucocorticoid administration, these
drugs induce the depletion of bone through a reduction in
the osteoblastogenesis, and the increase in osteoblast and
osteocyte apoptosis [29].

Ovariectomy

Oestrogens are the major hormonal regulators of bone
metabolism in humans due to bone remodelling inhibi-
tion, preferentially acting on osteocytes, and acting over
the osteoclastic resorption. The direct effects of oestrogen
on osteoclasts include the induction of their apoptosis and
the inhibition of their formation as well as indirect effects
due to RANKL and OPG [30]. The decline in oestrogen
levels induced by OVX increases osteoclast recruitment,
differentiation and survival; as a result, the bone resorption
exceeds bone formation.

Oestrogen deprivation by OVX is the most common
model for postmenopausal osteoporosis in animals. The
studies conducted in rabbits using OVX for osteoporo-
sis induction are varied in length and results since some
studies obtained statistical significance in bone loss only
with OVX (Wanderman et al. 2018) [28]. However, other
authors found a remarkable resistance to the bone loss
induced by oestrogen deprivation in rabbits [29]. In addi-
tion, the literature did not indicate the amount of bone loss
induced during the post-OVX period as well as the time
needed to achieve the osteopenia [31].

Our review focused on 20 articles that used the OVX as
a technique for osteoporosis induction in rabbits; 8 with
the aim of model validation [26, 28, 31-36], 5 with dif-
ferent types of implants [37—41], 5 using different treat-
ments for osteoporosis [42-46] and 2 of periostic distrac-
tion [47, 48]. Since the aim of this review is to evaluate the
effectiveness of the different techniques for osteoporosis
induction in rabbits, we took into account only the studies
in which authors reported the bone loss before the treat-
ments with the validation of the model. Taking this into
consideration, only 17 out of these 20 studies evaluated the

bone quality before the osteoporosis treatment or before
the use of implants. Thus, the others were excluded from
the analysis [38, 47, 48].

The studies, number of animals, time point of osteo-
porosis evaluation, the techniques used for the bone loss
measurement, and the principal results are reported in
Table 2.

Summarising, 12 out of the 17 studies found statistical
significance [28, 31-33, 39, 42-44, 46] in BMD or bone
structure with respect to controls, while 5 did not found any
difference [26, 34-37].

Regarding the evaluation time, huge differences were
found between studies, ranging between 4 and 27 weeks
with a mean of 12. The earliest BMD reduction was found
at 10 weeks post-surgery [42]. Finally, the methods used to
assess the osteoporosis condition were varied (from DXA to
histomorphometry) dual X-ray absorptiometry (DXA) being
the most used one (in 12 out of 17 studies). In conclusion,
OVX alone in rabbits as a model for osteoporosis induction
seems to be effective, but needs a longer time frame com-
pared to other methods.

Ovariectomy and low-calcium diet

Nutritional deficiencies such as low-calcium diets, added
to genetic and hormonal disorders, can affect the normal
bone mineralisation. Calcium is the most abundant mineral
in human and animal bodies, being a necessary nutrient at all
ages, either for acquiring optimal bone mass or for prevent-
ing bone loss [49].

The correlation between low-calcium diets and osteopo-
rosis in humans is controversial; even so, the current consen-
sus is that low calcium absorption is related to an increased
risk for osteoporotic bone fractures with a non-linear rela-
tionship, where only really low calcium diets are associ-
ated with osteoporotic findings [50]. In rabbits, similarly to
humans, suboptimal calcium intake is known to affect bone
mass [51].

The model consisting of the combination of oestrogen
deprivation and low calcium intake was used in different
animal models such as in rat [52], sheep [53], and goat
[54] with optimal results, aimed at improving the bone loss
obtained only with oestrogen depletion.

The studies that used a combination of OVX and low-
calcium diets are summarised in Table 3. We have access
to the full paper from 5 studies: 4 with the objective of
implant evaluation [37, 55-57] and one for the validation of
the model [8]. Out of these 5, 1 was excluded [55] from the
final report because the authors did not provide data about
the osteoporosis induction in the results section.

In summary, the evaluated studies found a BMD reduction
using DXA as an evaluation method with a induction mean
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Table 2 Studies which used ovariectomy for osteoporosis induction

Study

Number animals

Schedule (weeks) Bone loss measurement

Principal results

Wanderman et al. [28]
Chen et al. [46]
Qiu et al. [45]

Chen et al. [41]
Dai et al. [44]

Li et al. [40]*
He et al. [42]
Jensen et al. [43]

Liu et al. [26]

Qi etal. [391°
Kaveh et al. [36]
Baofeng et al. [35]
Sevil and Kara [31]

Castafeda et al. [34]
Cao et al. [33]

Cao et al. [32]
Mori et al. [37]

36

24
75

18

101
46 (10)

21
46

20

56 (16)

15
32
24

35

12

24
36

17
24
12

17
21
12
10
27

6
12
4
6 and 10
8 and 16

6and 16

12

4 and 12
4,12 and 24

DXA
DXA
MRS and pCT

DXA
DXA
DXA
DXA
Histomorpho

DXA and pCT
DXA

X-ray

DXA and pCT
DXA and CT

DXA
Histomorpho

pQCT
DXA

Decrease BMD proximal tibia and distal femur*
Decrease BMD lumbar spine*

Decrease TMD proximal femur from week 8 after
surgery

Osteoporosis establishment (no results reported)
Decrease BMD spine*

Decrease BMD proximal and distal femur*
Decrease BMD right femur*

Decrease BV/TV AND Tb.N; increase Tb.Sp; no differ-
ences in Tb.Th (spine)

No differences in BMD (lumbar spine and femur)
Decrease BMD right femur (ex vivo)*

No radiological differences in radius

No differences in BMD in lumbar spine at any timepoint

8 weeks no differences; 16 weeks decrease BMD*
(femur)

6 and 16 weeks no differences in BMD (lumbar spine
and knee)

Decrease Tb.N; Increase Tb.Sp. No differences in BV/
TV and Tb.Th

4 weeks no TMD differences; 12 weeks decrease TMD
No differences in BMD in distal tibia in any point time

DXA dual-energy X-ray absorptiometry, MRS magnetic resonance spectroscopy, #CT micro-computed tomography, Histomorpho histomorpho-
metry, pOCT peripheral quantitative computed tomography, BMD bone mineral density, TMD total mineral density, 7b.N trabecular number, 7b.

Sp trabecular separation, BV/TV bone volume/tissue volume, 7b.Th trabecular thickness

*Statistical significance

*The study was conducted in 46 animals but the evaluation of BMD reduction before implants placement (12 weeks) was done in 10 animals (5

ovariectomiced and 5 SHAM operated)

The study was conducted in 56 rabbits but the BMD evaluation in 16

Table 3 Studies which used ovariectomy plus low calcium diet for osteoporosis induction

Study Number Schedule (weeks) Ca (%) Bone loss Principal results
animals measure
Wen et al. [57] 28 12 0.15 Decreased BMD in lumbar spine*
Martin-Monge et al. [8] 25 7 0.007 Decrease BMD in cervical spine* and calvaria
but not in tibia*
Vidigal et al. [56] 20 16 0.15 Decrease BMD in femur*
Mori et al. [37] 36 4,12 and 24 0.15 Decrease BMD in distal tibia at each time point*

DXA dual-energy X-ray absorptiometry, BMD bone mineral density, Ca daily calcium percentage on diet

*Statistical significance

time of 12.5 weeks (range 4-24 weeks) and obtaining success-
ful results as soon as 4 weeks after the ovariectomy [37]. It was

noted that two different diets were used in the literature, with

different calcium concentrations (0.15% and 0.007%) the first
one being the most commonly used.

@ Springer

Combination of ovariectomy and glucocorticoid
administration

The use of glucocorticoid administration added to OVX

as an osteoporosis model has two main objectives: to
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accelerate the bone loss and to mimic the glucocorticoid-
induced postmenopausal osteoporosis. This type of osteo-
porosis aggravates the postmenopausal disease, increasing
the morbidity and the risk of fractures. In fact, up to 4.6%
of postmenopausal women are taking oral glucocorticoids
[58].

The reason to use glucocorticoids as an adjuvant of OVX
is because the achievement of statistical significant bone loss
only with OVX in rabbits is variable; while some studies
reached significance only with OVX [28, 46], others did
not see differences with SHAM animals [34, 35] and also
is time consuming (up to 6 months) [46]. Because of that,
the combination of OVX and glucocorticoid administration
was presented as a fast and reproducible method to induce
osteoporosis in rabbits [34, 35]. The administration of glu-
cocorticoids in ovariectomised animals seems to accelerate
the bone loss during the osteoporosis induction [34] and
the recovery of BMD after the discontinuation of corticoid
treatment seems to be avoided [34, 59].

According to our database search, there are 15 studies
using this combination method; 5 for implant evaluation [29,
60-63], 6 for model validation [34-36, 59, 64, 65], 3 for the
evaluation of the treatment effects [66—-68] and one for other
purposes [69]. Out of the initial 15 studies, 5 were removed
from this review due to the lack of data on the reduction of
bone mineral density [62, 63, 66, 68, 70].

Table 4 shows the main findings of the evaluated studies
using the combination of OVX and glucocorticoid adminis-
tration. In brief, the studies ranged between 2 and 16 weeks
(mean 6.47 weeks), using DXA as a preferential BMD evalu-
ation method (in 7 articles) and authors reported the osteo-
porotic state in all the studies as soon as 4 weeks of treat-
ment. With regard to the type and dose of corticoid, the most
used was 1 mg/kg of methylprednisolone administered daily
by intramuscular injection for 4 weeks, starting 2 weeks after
surgery [29, 34, 61, 65].

The results of the models using the combination of OVX
and glucocorticoid administration showed that compared to

Table 4 Studies which used ovariectomy plus glucocorticoid administration for osteoporosis induction

Study Number Schedule (weeks) Corticoid (type/dose (mg/  Bone loss measure Principal results

animals kg)/via/start point/Trt
period)*

Oue et al. [61] 12 6 MP/1/IM2w/4w I. torque Decrease max. mechanical strength*

Wen et al. [57] 40 4,6 and 8 MP/1/IM/2w/4,6,3w" DXA and pCT Decrease BMD lumbar from week 4 and
femur from week 6*

Zhang et al. [67] 60 8 MP/1/2/2°4w* DXA Decrease BMD lumbar, decreased verte-
bral BMC and BMD (p =unknown)

Almagro et al. [29] 38 6 MP/1/IM/72w/4w DXA Decrease BMD lumbar spine and knee
subchondral bone*

Liu et al. [26] 20 6 MP/1/IM/2w/4w DXA and pCT Decrease BMC in femur*

Liet al. [64] 40 2,4,8 and 10 MP/1.5/0w/4w¢ MRS and pCT Decrease vBMD from 8 weeks*;BV/TV
decrease from week 4*

Baofengetal. [35] 32 6 and 10 MP/1/IM/2w/8w DXA and pCT Decrease BMD lumbar spine at 6 weeks
and 10 weeks*

Kaveh et al. [36] 15 4 MP/1/IM/Ow/4w"® X ray Radiological osteoporotic state
(p =unknown)

Castafieda et al. [34] 35 6 and 16 MP/0.5-1-2/IM/2w/4w* DXA Decrease BMD at 6 and 16 weeks (group
1 mg/kg treatment) at lumbar spine,
knee and subchondral bone*

Castafieda et al. [59] 29 6 MP/1/IM/2w/4w DXA Decrease BMD spine, knee and subchon-

dral bone*

DXA dual-energy X-ray absorptiometry, MRS magnetic resonance spectroscopy, #CT micro-computed tomography, X ray radiography, BMD
bone mineral density, vBMD volumetric bone mineral density, BMC bone mineral content, Th.Sp trabecular separation, BV/TV bone volume/tis-

sue volume, MP methylprednisolone, /M intramuscular, w weeks

*Statistical significance

Type of glucocorticoid used/ dose (mg/kg)/ administration via/ time between surgery and start of the glucocorticoid administration/ treatment

period

°4,6,8w: study with 3 groups of animals with different time of glucocorticoids administration: 4 weeks, 6 weeks and 8 weeks

“Ow: started treatment the same day of the ovariectomy

dAuthors did not include in the text the administration via and not specify the time they started the methylprednisolone treatment (they said

“after wound healing”)

€ Authors used three different doses of methylprednisolone (0.5 mg/kg; 1 mg/kg; 2 mg/kg)
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the OVX alone, the combination induces more significant
bone loss (almost in vertebral cancellous bone) in less time
[57]. Moreover, the longer the treatment continued, the more
severe were the osteoporotic changes in bone [35, 69].

Glucocorticoid administration

The use of glucocorticoid administration alone for the osteo-
porosis induction was more focused on the study of second-
ary osteoporosis (Glucocorticoid-induced osteoporosis or
GIOP), due to chronic corticoid administration in humans,
which is the most frequent secondary osteoporosis and the
most prevalent in young people [71]. Glucocorticoid therapy
is an important treatment for inflammatory diseases [72] and
it is estimated that 0.5% of the world population was treated
with these drugs as well as more than 1.75% of the women
over 55 years of age (which is the population with the great-
est incidence of primary osteoporosis) [71].

The mechanisms underlying the glucocorticoid-induced
osteoporosis are different from those of the oestrogen depri-
vation and consist mainly of the reduction of the number and
function of the osteoblasts [73] with the impairment of bone
formation [74] and the increase of osteoblast and osteocyte
apoptosis [29] (Almagro et al. 2013). The amount of bone
loss depends on the cumulative glucocorticoid dose and the
rate of this bone depletion is higher in the first 3—6 months of
therapy [75]. One relevant fact is that bone architecture can
be recovered after discontinuing the treatment [76].

The depletion in the number of osteoblasts is mainly due
to three mechanisms: an impairment in the differentiation
of mesenchymal cells towards the osteoblastic lineage [77],
the reduction of the terminal differentiation of mature osteo-
blasts [78] and the enhanced apoptosis of mature osteoblasts
[79]. These mechanisms are potentiated due to the apop-
tosis of osteocytes mediated by the activation of caspase3
[65]. In relation to the function of osteoblasts, glucocorti-
coid administration alters the synthesis of collagen type I
by transcriptional and post-transcriptional mechanisms [80],
leading to a decrease in the amount of bone matrix available
for mineralisation. BMD loss is the immediate consequence
of the glucocorticoid administration and affects trabecular
bone more than the cortical one in a cumulative way [81].

In the models using only glucocorticoids to induce the
bone loss, several points have to be addressed: first of all, it
should be known whether the osteopenia derived from glu-
cocorticoid administration can be recovered after treatment
discontinuation [76]; second, the doses of glucocorticoid
have to be adjusted because if they are too low there will
be no bone loss, whereas too high doses can produce oste-
onecrosis [82] or systemic problems leading to the animal’s
death [34].

10 full articles were found in the literature using glu-
cocorticoids for osteoporosis induction in rabbits and they
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could be divided into: 2 for model characterisation [34, 35],
2 for osteoporosis treatment [83, 84], 1 for the evaluation
of biomaterials [85], 4 for the evaluation of bone changes
in GIOP [86-89] and 1 for the investigation of a possible
disease mechanism [90].

Table 5 exposes the principal features of the evaluated
studies (two were removed because they did not provide
data on the model [86, 90]. In summary, the schedule ranges
between 4 and 18 weeks, with a mean of 8.71 weeks; in most
of them (6) the evaluation method used was DXA and in all
the studies, independently of the evaluation method and the
time point used, authors reported osteoporotic conditions
in the animals. With regard to the used glucocorticoid, two
main drugs (methylprednisolone and dexamethasone) were
found at different doses and routes of administration (which
are described in Table 5).

Discussion

For the study of postmenopausal osteoporosis, the ovariec-
tomised rat is considered as the “gold standard” and the
US-FDA recommend its use for the study of new osteopo-
rosis therapies in addition to a larger animal model [10].
Nevertheless, this model has several disadvantages due to
its size, inability to achieve complete epiphyseal plate clo-
sure and lack of Haversian remodelling. Its small size makes
this animal unable for the study of some prosthetic devices.
Haversian cortical remodelling is of extreme importance in
maintaining bone strength (a critical point in the osteoporo-
sis pathogenesis), thus, the use of animals with this feature,
such as rabbits or sheep [14] is vital for the study of anabolic
therapies. Finally, the skeletal maturity of the animal model
is important to study the effects of osteoporotic therapies
(because they are destined to human adults) and rabbits,
unlike rats, do reach this stage. Moreover, compared to big-
ger models, they do it within a shorter time frame (between
6 and 8 months old) [27]; for these reasons, the characterisa-
tion of a rabbit model seems to be relevant. Rabbits also have
the advantage over other models of being easy to house and
handle, and big groups with similar genetic background may
be available for study.

There is inconsistency in the literature regarding the effi-
cacy of oestrogen deprivation alone in rabbits for inducing
osteoporosis. Several studies lack in achieving significant
bone loss only by OVX [26, 34-37], while others demon-
strated osteopenia without the use of concomitant treatments
[28, 31-33, 39-46]. In the present review, we found 4 studies
that compared OVX animals with animals who were sub-
mitted to a combination of OVX and glucocorticoid treat-
ment [26, 34-36] using periods of time between surgery and
determination of osteoporosis between 4 [36] and 16 weeks
[34]. All of them said that, in the time they evaluated bone



Journal of Bone and Mineral Metabolism (2019) 37:573-583 579

Table 5 Studies which used glucocorticoids for osteoporosis induction

Study Number Schedule (weeks) Corticoid (type/ Bone loss measure  Principal results

animals dose (mg/kg)/via/Trt
period)?

Li et al. [40] 20 8 and 12 MP/1.5/SC/4w® MRI and DXA Decrease BMD in femur from 8 weeks*

Zhang et al. [84] 60 6 and 12 DEX/3/2/6,12w° Histology Decrease Tb.N*, BV/TV, Tb.Th; Increase
Tb.Sp*

Lozano et al. [85] 8 4 MP/1.5/IM/4w DXA BMD similar values than Castaiieda et al.,
2008

Baofeng et al. [35] 32 6 and 10 MP/1/IM/8w DXA and pCT Decrease BMD at 10 weeks*

Carvas et al. [83] 18 8 and 18 MP/0.35/SC/18w DXA Decrease BMD in tibia at 8 weeks and
18 weeks*

Castaneda et al. [34] 35 6and 16 MP/1.5/IM/4w DXA Decrease BMD at 6 at lumbar spine, knee and
subchondral bone. No data of the 16 weeks
group*

Takahashi et al. [87] 20 4 and 8 DEX/0.2-0.4/SC/8.5w! DXA and pMRI Decrease BMD both doses at 4 and 8 weeks*

Eberhardt et al. [88] 12 4 MP/0.07; 0.17/IM/4w® X ray and histology Decrease Tb.Th, Tb.V and BV/TV using both

doses*

DXA dual-energy X-ray absorptiometry, MRI magnetic resonance imaging, #CT micro-computed tomography, xMRI micro-magnetic resonance
imaging, BMD bone mineral density, 7b.N trabecular number, 7b.Sp trabecular separation, BV/TV bone volume/tissue volume, 7b.Th trabecular

thickness, 7b.V trabecular volume, MP methylprednisolone, DEX dexamethasone, /M intramuscular, SC subcutaneous, w weeks

*Statistical significance

Type of glucocorticoid used/ dose (mg/kg)/ administration via/ time between surgery and start of the glucocorticoid administration/ treatment

period

®In this study after the administration of 1.5 mg/kg of MP daily for 4 weeks authors used a maintenance dose of 0.35 mg/kg three times a weeks

for 8 weeks

¢Authors administered dexamethasone twice a week during 6 or 12 weeks. The administration route was not described in the text

4The methodology of this article was the use of subcutaneous pellets of dexamethasone what is equivalent to 0.2 mg/kg/day with duration of
60 days (8.5 weeks). Authors implant one or two pellets per animal (equivalent to 0.2 or 0.4 mg/Kg/day)

¢Two groups of treatment with different methylprednisolone dose: 0.07 mg/kg and 0.17 mg/kg

quality, using DXA [26, 34, 35] or radiography [36] the
group treated with the combination of OVX + GC reached
an osteoporosis status while the OVX alone not.

Authors that did not observe osteoporosis in their stud-
ies, using only hormonal deprivation, explained this in two
ways: as the effect of reflex ovulations or the possibility of
an ectopic production of sexual hormones such as estrone,
estriol or adrenal estrogens [12, 34]. Anyway, the stud-
ies which reached statistical significance only with OVX
achieved these results over a longer period of time com-
pared to the use of the combination of glucocorticoids (e.g.,
4—6 months [28, 46] vs. 6 weeks [34]. Thus, the problem
may be that hormonal deprivation alone in rabbits needs
much longer time to reach differences and when glucocorti-
coids were added, this time is deeply diminished. According
to this premise, Castafieda [34] reported that, although their
results in the ovariectomised group were not significant,
there was a tendency to decrease the bone mineral density
measured by DXA in 6 weeks post-surgery.

When low-calcium diets were added to the effects of ova-
riectomy, the results of the evaluated studies found a signifi-
cant reduction in BMD as soon as 1 month after the surgery

[37], although most of them evaluated the effects of the
combination at 2 [8], 3 [37, 57] or 4 months [56]. Further-
more, in the study conducted by Mori and colleagues [37],
the authors compared the BMD variation in ovariectomised
rabbits with and without a low-calcium diet and concluded
that the animals who were fed with reduced mineral content
food presented a reduction of the tibial bone mineral density
measured by DXA on three occasions (at 1, 3 and 6 months),
while the animals on normal diets did not show any bone
mineral density variations. The amount of calcium used in
the rabbits’ diet for the low doses differed from author to
author, ranging from 0.07 [8, 55] to 0.15% [37, 56, 57], tak-
ing into account that a normal maintenance diet for rabbits
has approximately 0.85% of calcium. These results are in
accordance with the findings in other animal models, such
as rat [52], sheep [53], and goat [54].

The type of glucocorticoid used for osteoporosis induc-
tion, alone or in combination with ovariectomy, as well as
the dose administered are not clearly established; with regard
to the type of drug, in the literature we found reports of the
use of methylprednisolone acetate [61], methylprednisolone
hemisuccinate [24, 29, 35] and dexametasone [68]; all of
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them seem to induce bone loss in a similar way. Eberhard
et al. [88] demonstrated that the doses of glucocorticoids
ranging between 0.5 and 1 mg/kg/day had effect only on
bone turnover without inflammation, necrosis or changes
in the subarticular bone, while doses under 0.5 mg/kg/day
did not produce significant changes in bone. In the study of
Castaifieda et al. [34], the doses of 1.5 mg/kg/day of methyl-
prednisolone over 4 weeks induced significant bone loss in
lumbar spine and knee, whereas 2 mg/kg/day was lethal in
all the cases. For this reason, and to minimise certain del-
eterious effects, they recommended 1 mg/kg/day of methyl-
prednisolone hemisuccinate for osteoporosis induction when
combined with ovariectomy [34]. This drug and dose are the
most commonly used in the evaluated studies [29, 34, 35].
The drug was administered by intramuscular injection every
day over 4 weeks and beginning 2 weeks after the surgery.
With this treatment, a consistent and significant bone loss
was achieved in different anatomical sites, such as the lum-
bar vertebras, the global knee and the subchondral bone [34],
and they demonstrated that it was possible to reduce BMD
in bones with different cortical and cancellous composition.

With regard to the methods used to evaluate the bone
mass, most of the studies consulted for this review used
DXA [8, 28, 29, 34, 35, 57], while others used different
imaging methods as radiography [86], microCT [44, 57, 64],
peripheral quantitative computed tomography (pQCT) [32]
or magnetic resonance spectroscopy (MRS) [45, 64]. Moreo-
ver, several studies used histology or histomorphometry [62,
63, 84] as well as biomechanical tests [57, 84].

The “gold standard” method for the evaluation of bone
quality is bone biopsy and histomorphometry but this
method is not practical for screening a large number of
patients, is invasive and time consuming as well as the study
of the same bone in different time points is complicated (and
impossible in most research animals). To solve some of the
histomorphometry problems the use of image methods
seems to be reasonable. DXA is the most used technique in
both human and animals [59], and it is considered to have
the necessary precision to be used on small laboratory ani-
mals as the rabbit [91, 92].

In the present review, one study compared the results of
the in vivo DXA with bone histology post mortem [44] and
the results of the densitometry (BMD reduction) were sup-
ported by the histologic observations (disrupted trabeculae,
increased trabecular separation and decreased bone tissue).
Other two studies used DXA (in vivo) and microtomogra-
phy (ex vivo) to characterize bone changes in osteoporotic
models [26, 69]; in both cases the microtomographic results
supported the BMD reduction observed by DXA.

Using DXA, Castafieda et al. [59] found that the mini-
mum number of rabbits needed to achieve a significant
BMD reduction in 6 weeks (in a combined ovariectomy and
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glucocorticoid administration in rabbits) was 6 animals in
global knee and 8 animals in lumbar spine [59]. With these
results, they demonstrated that DXA is valid for the study of
a BMD reduction in osteoporotic rabbits. Furthermore, DXA
has the advantage of being an in vivo method that can be
used several times in the same animal to study the progres-
sion of the disease or the effect of the treatments.

Finally, with regard to the anatomical sites used for
assessing the bone loss or the effects of diverse treatments
on bone, most of the studies used lumbar spine as the main
site for densitometric evaluation [34, 44, 46, 59]. These stud-
ies are in accordance with those in humans, where DXA of
lumbar spine has the highest sensibility for bone mineral
density measurements [57]. Regardless, in the studies con-
sidered for this review, there were different opinions about
the preferential anatomical site for the osteoporosis evalu-
ation. While Wen [57] found greater and earlier changes in
vertebral bodies (using DXA and microCT) than in femoral
condyles, Castafieda [59] stated that the global knee could
be an excellent site for bone mineral density evaluation, due
to the low number of animals needed to achieve statistical
significance.

Conclusions

The combination of ovariectomy and glucocorticoid admin-
istration is able to induce osteoporotic bone changes in
only 6 weeks, and it is an easy, consistent and reproducible
method. It produces a bone loss different from the postmeno-
pausal osteoporosis [34] and the effects of the glucocorti-
coids persist over time after the treatment discontinuation.

Models using low-calcium diets as an adjuvant of the
oestrogen depletion had to be taken into account, but only a
few studies used this model in rabbits, with inconsistency in
the time needed to achieve the osteoporotic status. The use
of glucocorticoids alone should be reserved for the study
of secondary osteoporosis. Finally, the use of ovariectomy
alone, although with promising results, provided huge differ-
ences in terms of the time needed to achieve enough BMD
reduction.

In conclusion, all the studied methods seemed to achieve
osteoporotic condition in rabbits with a huge difference in
the time. There is no best method, because ovariectomy and
corticoids, which seem to be the most reproducible one, is
not perfect for the study of postmenopausal osteoporosis
(the most prevalent in humans), whereas the ovariectomy
alone, which would be the best for primary osteoporosis,
lacks this consistency and needs a long time to induce it.
Thus, the choice of the best osteoporotic method has to be
made by the researchers according to their specific study
characteristics.
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