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Abstract

Osteoporosis and periodontal disease (PD) are frequently associated in the elderly, both concurring to the loss of jaw
alveolar bone and finally of teeth. Bisphosphonates improve alveolar bone loss but have also been associated with
osteonecrosis of the jaw (ONJ), particularly using oncological doses of zoledronate. The effects and therapeutic margin of
zoledronate on jaw bone therefore remain uncertain. We reappraised the efficacy and safety of Zoledronate (Zol) in
ovariectomized (OVX) periostin (Postn)-deficient mice, a unique genetic model of systemic and jaw osteopenia. Compared
to vehicle, Zol 1M (100 mg/kg/month) and Zol 1W (100 mg/kg/week) for 3 months both significantly improved femur BMD,
trabecular bone volume on tissue volume (BV/TV) and cortical bone volume in both OVX Postn+/+ and Postn2/2 (all
p,0.01). Zol 1M and Zol 1W also improved jaw alveolar and basal BV/TV, although the highest dose (Zol 1W) was less
efficient, particularly in Postn2/2. Zol decreased osteoclast number and bone formation indices, i.e. MAR, MPm/BPm and
BFR, independently in Postn2/2 and Postn+/+, both in the long bones and in deep jaw alveolar bone, without differences
between Zol doses. Zol 1M and Zol 1W did not reactivate inflammation nor increase fibrous tissue in the bone marrow of
the jaw, whereas the distance between the root and the enamel of the incisor (DRI) remained high in Postn2/2 vs Postn+/+

confirming latent inflammation and lack of crestal alveolar bone. Zol 1W and Zol 1M decreased osteocyte numbers in
Postn2/2 and Postn+/+ mandible, and Zol 1W increased the number of empty lacunae in Postn2/2, however no areas of
necrotic bone were observed. These results demonstrate that zoledronate improves jaw osteopenia and suggest that in
Postn2/2 mice, zoledronate is not sufficient to induce bone necrosis.
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Introduction

Periodontal disease (PD) is a common problem as it is estimated

that 48.2% of the US population aged more than 30 years is

affected, with up to 20% of subjects showing severe tooth

attachment loss in the NHANES III survey [1]. Moreover, PD

seems to be frequently associated with osteoporosis [2], which

could further aggravates the risk of tooth loosening [3,4].

Periodontal disease, especially measured by alveolar bone loss, is

a strong predictor for incident of tooth loss in postmenopausal

women, approximately one-third of adults age 65 and older losses

one or more tooth [5]. Bisphosphonates, particularly alendronate

and risedronate, have been shown to exert favorable effects on PD

[6,7]. Clinical studies demonstrated a reduction of radiological

and/or clinical signs of PD, including alveolar bone loss, gingival

index and bleeding [8], [9], [10], [11], [12]. These beneficial effect

of bisphosphonates on mandibular bone loss have also been

demonstrated in animal models of PD such as the rice rat [13,14],

and/or as induced by elastic rings [15,16], tooth ligature [7,17],

and bacterial inoculations [18,19].

On another side, the occurrence of osteonecrosis of the jaw

(ONJ) in some patients receiving bisphosphonates, particularly

high-dose zoledronate for the prevention of skeletal complications

of malignancy, has raised important questions regarding the role of

these drugs in the development of ONJ [20,21]. Tooth extraction

is commonly considered as a precipitating factor for bisphospho-

nates-related osteonecrosis of the jaw (BRONJ) [22,23]. However

apparently spontaneous BRONJ, i.e. without any surgical

traumatism of alveolar bone, also occurs. Nethertheless, it seems

that PD is a crucial factor in the development of ONJ in patients

receiving bisphosphonates. Indeed, oral preventive measures

avoiding tooth mobility, periodontal diseases, presence of root

fragments, decays, granulomas, edentulism and periapical condi-

tions [24] decrease ONJ incidence [25,26]. Consistent with these

clinical observations, lesions reminiscent of ONJ have been

observed following administration of high-dose zoledronate in

rats with severe PD [27,28]. Hence tooth ligature and cumulative

high doses of zoledronate in rats (66 mg/kg, i.e equivalent to

4 mg/60 kg in humans, three times per week for 3 weeks) led to
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the appearance of necrotic bone in the mandible [27], arguing that

both the presence of infectious/inflammatory sockets and lack of

bone remodeling due to bisphosphonates concur to the develop-

ment of ONJ-like lesions, despite a significant reduction of alveolar

bone loss [27]. Similarly, in the rice rat model (Oryzomys

Palustris) with periodontitis, high dose zoledronate (80 mg/kg I.V,

once monthly during 18 and 24 weeks) induced ONJ-like lesions

characterized by areas of exposed necrotic alveolar bone,

increased osteocyte apoptosis and presence of bacterial colonies

[28]. Whether the start of the necrosis process is secondary to PD

[27] or is primarily an aseptic process [29], however remains

questionable.

Several drug-related mechanisms have been suggested to

eventually explain the contribution of bisphosphonates to the

development of ONJ, all so far unproven, including an impair-

ment of soft tissue and/or bone vascularization; a direct toxicity on

the gingival epithelium; a direct toxicity on bone cells, particularly

osteocytes; and of course the suppression of bone turnover [30].

Experimental models of aggressive PD (above) however do not

allow to clarify the potential pathophysiological role of bisphos-

phonates in the development of ONJ beyond the absence of

removal of necrotic bone fragments induced inflammation/

infection. Whether bisphosphonates can actually cause jaw bone

necrosis in absence of injury/inflammation, as observed in some

patients without tooth extraction or severe PD, therefore remains

debatable.

Periostin deficient mice (Postn2/2) represent a unique opportu-

nity to reappraise the effects of bisphosphonates on the jaw.

Periostin is a matricellular protein synthesized by osteoblast/

osteocytes, that is linked to type I collagen in the periodontal

ligament, where it regulates fibrillogenesis [31], [32]. Periostin-

deficient mice show severe alterations in tooth eruption, resulting

from a failure to digest collagen fibers in the shear zone of the

periodontal ligament [33]. As a consequence, the enamel and

dentin of the incisors are compressed and disorganized, and these

mice develop inflammatory infiltrates (particularly neutrophils) in

the periodontal ligament, loss of crestal (superficial) alveolar bone

and alveolar bone loss underneath. The severity of PD can be

moderated by feeding the mice a soft diet, indicating that the

trigger of the inflammatory infiltrate in the periodontal ligament is

traumatic mastication [33]. On a soft diet, Postn2/2 mice do not

have overt PD with inflammation, however they still present

alveolar and systemic osteopenia [34]. Accordingly, we used old

Postn2/2 mice kept on a soft diet to reappraise the intrinsic effects

of high dose zoledronate on the jaw. Here we hypothesize that

zoledronate will improve jaw and systemic osteopenia, without

causing necrosis of alveolar bone in absence of overt PD. Our

results indicate that zoledronate improves jaw and systemic

osteopenia without causing alveolar bone necrosis in absence of

overt PD, despite a decrease in osteocyte number.

Materials and Methods

Animals
Postn Lac Z knock-in mice (Postn2/2) were generated as

reported previously [33]. Postn2/2 mice were subsequently bred

with C57BL/6J mice, and DNA analyzed by PCR was used to

identify Postn heterozygous mice. We interbred mice that were

heterozygous carriers of this mutation and obtained wild-type

(Postn+/+) and homozygous mutant (Postn2/2) offspring with the

expected Mendelian distribution. They were subsequently back-

crossed for 10 generations, resulting in a genome of 99% C57BL/

6J. Mice were housed five per cage, maintained under standard

non barriers conditions and had access to water and a soft diet ad

libitum (Harlan Teklad 2019,SDS, England). Under those

experimental conditions, the malnutrition that is otherwise

observed in the Postn2/2 mice under a standard (hard) diet that

causes the enamel and dentin defects of the incisors and molars

[33], is partially prevented. This dietary adaptation also reduces

the severity of PD [33], i.e. inflammation. All mice received the

same diet during the experiment. Ten month-old female Postn2/2

and Postn+/+ mice were OVX (8/gr) or Sham-operated (6/gr) and

administered directly after the surgery subcutaneous Zol either

once weekly (Zol 1W, 100 mg/kg/week), or once monthly (Zol

1M, 100 mg/kg/month), or vehicle (Veh) for 3 months, corre-

sponding to a cumulative dose of 16 mg/60 kg/month (ZOL 1W)

or 4 mg/60 kg/month (ZOL 1M), respectively. These drug

exposures correspond to 4 times, and 1 time respectively, of the

monthly dose of zoledronate prescribed for the prevention of

skeletal-related events in cancer patients [27,35]. The duration of

treatment has been chosen based on previous study describing the

structural effects of Zol in rodents [36–38]. Lumbar spine, femurs

and mandible were excised and stored in ethanol for micro-

computed tomography analysis & histomorphometry and kept at

220uC for biomechanical analysis. All surgical procedures were

performed under ketamin/xylasin, and OVX animals received

Buprenorphin (0.05 mg/kg) just after surgery and every 12 h for

2days. Ethics Statement: animal procedures were approved by the

University Of Geneva School Of Medecine Ethical Committee

and the State of Geneva Veterinarian Office.

In vivo measurement of bone mineral density
Total body, femoral and spinal bone mineral density (BMD, g/

cm2) were measured in vivo at 10, 11.5 and 13 months of age by

dual-energy X-ray absorptiometry (PIXImus2, GE lunar, Madison

WI) [39].

Ex vivo measurement of morphology and
microarchitecture

Micro-computed tomography (microCT UCT40, Scanco

Medical AG, Basserdorf Switzerland) was used to assess trabecular

bone volume fraction and microarchitecture in the excised 5th

lumbar spine body and distal femur, and cortical bone geometry at

the midshaft femoral diaphysis as previously described [40].

Briefly, trabecular and cortical bone regions were evaluated using

isotropic 12 mm voxels.

For the vertebral trabecular region, we evaluated 250 transverse

CT slices between the cranial and caudal end plates, excluding

100 mm near each endplate. For the femoral and tibial trabecular

region, to eliminate the primary spongiosa, we analyzed one

hundred slices from the 50 slices under the distal growth plate.

Femoral cortical geometry was assessed using 50 continuous CT

slides (600 mm) located at the femoral midshaft. Images were

segmented using an adaptative-iterative thresholding approach

rather than a fixed threshold. Morphometric variables were

computed from binarized images using direct, three-dimensional

techniques that do not rely on prior assumptions about the

underlying structure [41]. For the trabecular bone regions, we

assessed the bone volume fraction (BV/TV, %), trabecular

thickness (TbTh, mm), trabecular number (TbN, mm21), trabec-

ular connectivity density (Tb Conn Density, mm23) and structural

model index (SMI). The structure model index was measured to

determine the prevalence of plate-like or rod-like trabecular

structures, where 0 represents ‘plates’ and 3 ‘rods’ [41]. For

cortical bone at the femoral and tibial midshaft, we measured the

cortical tissue volume (CtTV, mm3), bone volume (CtBV, mm3),

the marrow volume (BMaV, mm3) and the average cortical width

(CtTh, mm).

Zoledronate Effects on Jaw in Postn-/- Mice
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For mandible alveolar and basal bone volume fraction (BV/TV)

analysis, the head of the mice was oriented with the nasal cavity

floor parallel to the horizontal plane and the midpalatal suture

parallel to the midsagital plane to obtain axial CT slides (Fig. 1).

The Distance between cementum-Enamel junction and Alve-

olar bone (DEA), an index of alveolar bone loss, was measured at

the mesial root of M1 on coronal CT slides, which represents the

mean of external and internal DEA (Fig. 1).

Histomorphometry
To measure dynamic indices of bone formation, mice received

subcutaneous injections of calcein (20 mg/kg, Sigma, Buchs,

Switzerland) 9 and 2 days before euthanasia.

Femur were embedded in methyl-methacrylate (Merck, Darm-

stadt, Germany) as previously described [42] [34], and 20-mm-

thick transversal sections of the midshaft were cut with a saw

(FinOcut, Metkon, Instruments LTD) than sanded to 10-mm-thick

and mounted unstained for evaluation of fluorescence. Five-8 mm

thick sagital sections were cut with a Leica Corp. Polycut E

microtome (Leica Corp. Microsystems AG, Glattburg, Switzer-

land) and stained with modified Goldner’s trichrome, and

histomorphometric measurements were performed on the second-

ary spongiosa of the distal femur metaphysis and on the

endocortical and periosteal bone surfaces in the middle of the

femur, using a Leica Corp. Q image analyser at 406 magnifica-

tion. All parameters were calculated and expressed according to

standard formulas and nomenclatures [43] : mineral apposition

rate (MAR, mm/day), single labeled surface (sLS/BPm, %), and

double-labeled surface (dLS/BPm, %). Mineralizing surface per

bone surface (MS/BPm, %) was calculated by adding dLS/BPm

and one-half sLS/BPm. Bone formation rate (BFR/BPm, mm3/

mm2/day) was calculated as the product of MS/BPm and MAR.

Three slides per sample were analyzed for the bone formation

indices. Osteocyte number and lacunae per bone area were

counted on two toluidine blue stained slides of the midshaft cross-

sectionnal femur per sample.

The right mandible was removed and fixed in cold (4uC) 70%

ethanol. After dehydratation, the bone samples were embedded

without demineralization in methylmethacrylate and polymerized

at – 20u for 48 h [44]. Longitudinal sections (4 mm thick) were cut

with a polycut E microtome (Leica, Wetzlar, Germany). They

were stained with toluidine blue (pH 3.8) or Sirius red or

hematoxylin-eosin or processed for tartrate-resistant acid phos-

phatase (TRAP) revelation. Two sections for each stained sample

were quantified per animal. Toluidine blue staining was used to

visualize osteocytes and their lacunae (expressed in number per

square millimeter of trabecular bone surface) in the zone of

interest, i.e the trabecular bone segment comprised between the

end of the M1 root and the underlying incisor. Empty osteocyte

lacunae were evaluated and necrotic bone defined as a loss of

more than five contiguous osteocytes with confluent areas of empty

Figure 1. 2D and 3D images of microcomputed tomography. (A) Scout view of the Postn2/2 mice showing alteration of the enamel (*) that
affects the incisor from the apex to the incisor edge. (B) 3D reconstruction of our region of interest for the alveolar and basal bone compartment. (C)
Sagittal slice (D) coronal slice (E) Axial slice at the alveolar bone compartment (F) Axial slice at the basal bone compartment. (G) Illustration of the
external and internal Distance between cement-Enamel junction and Alveolar bone (DEA), an index of exposed bone in the oral cavity.
doi:10.1371/journal.pone.0058726.g001
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lacunae [27]. Sirius red staining, specific for tissue collagen, was

used to visualize the fibrous network in the bone marrow area.

Hematoxilin-eosin was used to characterize inflammatory cells

and further quantify areas of osteonecrosis. Distance between the

Root and the enamel of the Incisor (DRI) was also evaluated on

the hematoxilin-eosin stained sections.

TRAP was detected by using hexazotized pararosanilin (Sigma,

St Louis, MO) and naphtol ASTR phosphate (Sigma, St Louis,

MO) to reveal osteoclasts, ; non-osteoclastic acid phosphatase was

inhibited by adding 100 mMol/L L(+)-tartric acid (Sigma, St

Louis, MO) to the substrate solution. The following parameters

were recorded: the number of TRAP+ osteoclasts in contact with

trabeculae (N.Oc/TBPm ; expressed in cells per millimeter of

trabecular bone surface) ; the resorption surface (OcS/BS ;

expressed in %) ; the average length of the zone of contact per

osteoclast (Oc.Pm/N.Oc ; given in microns) considered as a

sensitive indicator of osteoclast activity [45]. Dynamic indices of

bone formation were evaluated as described above for the femur.

Figure 2. Periodontal disease disturbance and mandibule osteopenia in Postn2/2 mice aged of 13 months. (A,B) Sagital and axial 2D
image, arrows indicate alteration of the alveolar bone between roots in Postn2/2 vs Postn+/+. (C) 3D reconstruction of the mandible, arrows shows loss
of the alveolar bone and therefore tooth exhibition in Postn2/2 vs Postn+/+. (D) Toluidine blue staining, red bar shows a lower distance between the
root and the enamel of the incisor in Postn2/2 vs Postn+/+. (E) TRAP staining, arrow indicate higher osteoclast in Postn2/2 vs Postn+/+ mice, Number of
Osteoclast (N.Oc), activity of the osteoclast illustrated by the ratio Osteoclast Perimeter on Osteoclast Number (Oc.Pm/N.Oc), * p,0.05. (H)
Fluorescent calcein labels on alveolar surfaces, Bone Formation Rate (BFR), Mineralizing Surface per Bone Surface (MS/BS). (G) Sirius red staining. (F)
Toluidine blue staining, no sign of active inflammation are noted, arrows indicate residual inflammation around the periodontal incisive ligament.
doi:10.1371/journal.pone.0058726.g002
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Testing of mechanical resistance
The night before mechanical testing, bones were thawed slowly

at 7uC and then maintained at room temperature. The length of

the femur (distance from intermalleolar to intercondylar region)

was measured using callipers with an integrated electronic digital

display and the midpoint of the shaft was determined. The femur

then was placed on the material testing machine on two supports

separated by a distance of 9.9 mm and load was applied to the

midpoint of the shaft, thus creating a three-point bending test.

Between each preparation step, the specimens were kept immersed

in physiological solution. The mechanical resistance to failure was

tested using a servo-controlled electromechanical system (Instron

1114, Instron corp., High Wycombe, UK) with actuator displaced

at 2 mm/minute. Both displacement and load were recorded. All

tested samples (n = 8 per group) have been included in the analysis.

Ultimate force (maximal load, measured in Newtons [N]), stiffness

(slope of the linear part of the curve, representing the elastic

deformation, N/mm), and energy (surface under the curve,

N*mm) were calculated. Ultimate stress (N/mm2) and Young’s

modulus (MPa) were determined by the equations previously

described by Turner and Burr [46]. Reproducibility was 3.3% for

midshaft femur as previously described elsewhere [47].

Data analysis
The power calculation to perform our study was based on our

primary criteria, the improvement of bone alterations by Zol. We

first tested the effects of Zol within groups (Postn2/2 and Postn+/+)

by unpaired t-tests. To compare the effects of genotype and the

response to treatments Zol, we used a two way ANOVA. As

appropriate, post hoc testing was performed using Fisher’s

protected Least Squares Difference (PLSD). Differences were

considered significant at p,0.05. Data were presented as mean 6

SEM.

Results

Jaw bone alterations in Postn2/2 mice
Postn2/2 mice fed a hard diet develop severe PD, with bone and

teeth alterations [33]. To assess the severity of these alterations in

Postn2/2 mice receiving a soft diet, dissected mandibles of 13-

months-old intact mice were imaged by histological sections and

microCT. 2D and 3D microCT images illustrate alterations of the

crestal alveolar bone as well as the deeper alveolar bone and

cementum-enamel junction, particularly around the proximal root

of the first molar (Fig. 2A–C). Quantitatively, Postn2/2 present

lower basal and alveolar BV/TV (231.6% and –21.4% vs

Postn+/+, p,0.01). The alteration of alveolar bone was confirmed

histologically by the higher distance between the molar root and

the enamel of the underlying incisor, ‘DRI’ (Fig. 2D). In this bone

area, Postn2/2 mice presented a higher osteoclast number

(4.6760.34, 1/mm vs 3.4260.14, 1/mm in Postn+/+ mice,

p,0.01) and lower bone formation indices (Fig. 2E–H, table 1).

Sirius red staining indicated large medullar spaces filled by fibrous

tissue in almost all Postn2/2 mice, whereas no fibrous tissue was

detectable in Postn+/+ mice (Fig. 2G), suggesting that an

inflammatory episode had previously occurred in the mandible

of Postn2/2 mice. Consistent with previous descriptions [33],

Postn2/2 mice showed some inflammatory infiltrates around the

periodontal ligament (Fig. 2F). In contrast, and likely due to the

effects of a soft diet, no signs of active inflammation were noted in

gingival, periradicular and jaw bone compartments at 13 months

of age (Fig. 2F). These observations indicate that Postn2/2 mice fed

a soft diet present alveolar and systemic osteopenia without overt

PD.

Effects of zoledronate
Bone structure. As previously described in male Postn2/2

mice [34], both intact and OVX female Postn2/2 mice had lower

femur BMD, trabecular bone microarchitecture (BV/TV) and

Table 1. Influence of zoledronate on bone turnover/remodelling indices in femur and jaw.

Parameters SH Postn+/+ Veh
OVX Postn+/+

Zol1M Zol1W SH Postn2/2 Veh
OVX Postn2/2

Zol1M Zol1W

FEMUR Ps MAR (mm/day) 0.4960.04* 0.2660.09 0.3760.07 0.1860.05 0.2960.09# 0.2360.11 0.1760.05# 060#

Periosteal Ps BFR/BPm
(mm2/mm/ day)

0.1060.02 0.0460.03 0.0560.02 0.016.002 0.0260.01# 0.0460.03 0.0160.004 060

Ps MPm/BPm (%) 0.2060.03** 0.0660.02 0.1360.04 0.0560.02 0.0860.02# 0.1060.05 0.0760.02 0.00960.002

Endocortical Ec MAR (mm/day) 0.7760.05 0.6360.07 0.0260.02**** 060**** 0.4160.09# 0.4860.04# 0.2960.04**** 060****

Ec BFR/BPm
(mm2/mm/ day)

0.2460.03 0.1660.03 0.00160.001**** 060**** 0.1160.03# 0.1560.03 0.00260.002*** 060****

Ec MPm/BPm (%) 0.3260.04* 0.2760.04 0.0660.01**** 0.0260.003**** 0.2260.04 0.3060.04 0.1060.01*** 0.0360.006 ****

JAW

Alveolar Tb MAR (mm/day) 1.8760.21 1.4360.12 1.0760.14**** 1.0360.1**** 1.2760.06### 1.1860.08### 0.9960.03*** 0.9460.04****

Tb BFR/BS
(mm2/mm3/ day)

59.1163.35 25.1661.03 15.0161.60**** 14.0861.55**** 20.6661.50### 18.3362.23## 14.4161.82*** 13.3361.75***

Tb MS/BS (%) 32.3362.1 36.3662.52 16.1360.97** 14.3160.95*** 26.2961.48# 21.6561.16# # 14.2260.58**** 12.4361.63****

*p,0.05, **p,0.01, ***p,0.001, ****p,0.0001 vs OVXvehicle of the respective genotype. #p,0.05 vs Postn+/+ of the respective treatments. Means 6 SEM. Ps:
periosteum, Ec: endocortical, Tb: trabecular. mineral apposition rate (MAR), mineralisation perimeter (MPm), mineralisation surface (MS), Bone formation rate (BFR), bone
perimeter (BPm), bone surface (BS). Ovariectomitzed mice (OVX n = 8/gr) or Sham-operated (SH n = 6/gr).
doi:10.1371/journal.pone.0058726.t001
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cortical bone volume (CtBV) compared to Postn+/+ (213.8%,

283.0% and 215.4% respectively, all p,0.01, Table 1). Bone

formation indices were also decreased in the femur and mandible

of Postn2/2 mice (Table 1).

Compared to vehicle, Zol 1M (100 mg/kg/month) and Zol 1W

(100 mg/kg/week) significantly improved BMD, femur BV/TV

and CtBV in both OVX Postn+/+ and Postn2/2 mice (Fig. 3A–C,

all p,0.01). Accordingly, biomechanical properties of the femur

were improved by Zol in both genotypes (Fig. 3D–F).

In the mandible, Zol 1W and 1M also improved basal BV/TV

both in Postn2/2 and Postn+/+ mice (p,0.01) (Fig. 3G). As a

consequence the distance between the molar root and the enamel

of the underlying incisor (DRI) decreased in response to Zol in

both Postn2/2 and Postn+/+ (Fig 4H). Zol 1M also significantly

increased alveolar BV/TV vs Veh in Postn2/2 (+27%, p,0.01)

and in Postn+/+ (+35%, p,0.001) (Fig. 3H & 3J). However,

Postn2/2 and Postn+/+ mice treated with Zol 1W had significantly

lower alveolar BV/TV vs Zol 1M (all p,0.01). Moreover, Zol 1M

decreased vs Veh the Distance between cement-Enamel junction

Figure 3. Zoledronate effect on the femur and mandible site in Postn+/+ and Postn2/2 mice. (A) Femur Bone Mineral Density (BMD). (B)
Trabecular bone volume on tissue volume (BV/TV) of the distal femur. (C) Cortical Bone Volume (CtBV). (D, E, F) Biomechanical parameters obtain by
three points bending test, (ultimate, UL; energy, E). (G, H) Basal bone volume fraction and alveolar bone volume fraction respectively obtains by
microcomputed-tomography. (I) Mean of the internal and external Distance between cement-Enamel junction and Alveolar bone (DEA). (J) 2D
coronal illustration of the effect of zoledronate one injection per month (Zol 1M) and one injection per week (Zol 1W) in ovariectomized (OVX)
Postn+/+ and Postn2/2 mice. * p,0.05, ** p,0.01, *** p,0.001 vs OVX vehicle in the respective genotype of Postn+/+ and Postn2/2. # p,0.05,
## p,0.01, ### p,0.001 vs Postn+/+ in the respective treatment. $ p,0.05, $$ p,0.01 significant differences between OVX Zol 1M and OVX Zol
1W. Bars show means (6 sem).
doi:10.1371/journal.pone.0058726.g003
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and Alveolar bone (DEA) in Postn2/2 (p,0.05, Fig. 3I), whereas

Zol 1W did not.

Bone remodelling. Zol decreased osteoclast number and

surface in Postn2/2 and Postn+/+, both in the long bones and in

deep jaw alveolar bone (Fig. 4A–E), without differences between

Zol doses. As previously described, we confirmed the presence of

giant osteoclasts with Zol in both Postn2/2 and Postn+/+ (Fig. 4C).

Zol did not affect bone formation indices at the periosteum either

in Postn2/2 nor Postn+/+ mice (Table 1). In contrast Zol at both

doses significantly decreased bone formation indices, i.e. MAR,

MPm/BPm and BFR, at the endocortical and alveolar compart-

ments in Postn2/2 and Postn+/+ mice (Table 1).

Alveolar bone histopathology. Clinical and histological

examination revealed no osteonecrotic area in the mandible of

either group. Zol did not influence the size of medullar area filled

by fibrous tissue (Fig. 4H). There was also no evidence of

inflammatory infiltrates in any area of the mandible in relation to

Zol treatment (Fig 4G). However, Zol decreased the number of

osteocytes in deep bone area in both Postn+/+ (217% and 211%

vs veh, respectively in Zol1M and Zol1W, p,0.05) and Postn2/2

mice (226% and 227% vs veh, respectively in Zol1M and

Zol1W, p,0.05, Fig. 5A). In Postn2/2, but not Postn+/+ mice, Zol

1W also increased the percentage of empty lacunae (+33.9% in

Zol1W vs veh, p,0.05). However, we did not observe areas of

adjacent empty lacunae that define necrotic bone tissue [27]

(Fig. 5C–D).

By comparison, no reduction in osteocyte number or increase in

the percentage of empty lacunae with Zol was observed in long

bones (Fig. 5B). On the contrary, in OVX Postn+/+ mice, Zol 1M

and 1W significantly decreased the percentage of empty lacunae vs

veh (Fig. 5B).

Discussion

Despite the prominent benefits of bisphosphonates on prevent-

ing osteoporotic fractures and the improvement of alveolar bone

and tooth loss in PD with these drugs, the occurrence of ONJ,

particularly with oncological doses of i.v. zoledronate, has raised

new concerns about their therapeutic margin, -i.e. the difference

between the optimal effective dose and the dose at which

unacceptable adverse effects occur-. Our results indicate that in

absence of cancer, injury and/or severe inflammation, zoledronate

at up to 4 fold the human oncological dose is safe and effective in

improving jaw (and systemic) bone loss in rodents. They further

indicate that suppressed bone turnover together with alterations of

bone mass and quality, as observed in Postn2/2 mice, is not

sufficient to induce jaw bone necrosis. Periodontal disease and

particularly periodontitis is characterized by inflammation of the

periodontal tissues (gingival tissue, alveolar bone and periodontal

Figure 4. Zoledronate effect on bone resorption and sign of inflammation in Postn+/+ and Postn2/2 mice. (A–C) Histomorphometry
parameter and images perform on the femur. (A) Number of Osteoclast on Bone Perimeter (N.Oc/BPm), (B) Osteoclast Surface on Bone Surface (OcS/
BS), (C) Goldner staining, yellow arrows indicate normal size of osteoclast in vehicle groups and shows giant osteoclast under zoledronate treatment
either in Postn+/+ and Postn2/2 mice. (D–H) Histomorphometry parameter and images perform on the mandible. (D) Osteoclast Number (N.Oc), (E)
Osteoclast Perimeter on Osteoclast Number (Oc.Pm/N.Oc). (F) Medullary area filled by fibrous tissue (M.Ar.FsT). (G) Toluidine blue staining, note that
Zol1W do not active inflammation. (H) Distance between the Root and the enamel of the Incisor (DRI). * p,0.05, ** p,0.01, *** p,0.001 vs OVX
vehicle in the respective genotype of Postn+/+ and Postn2/2. # p,0.05, ## p,0.01, #### p,0.0001 vs Postn+/+ in the respective treatment. Bars
show means (6 sem).
doi:10.1371/journal.pone.0058726.g004
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ligament) caused by pathogenic microflora, loss of connective

tissue and crestal alveolar bone [48]. Periostin-deficient mice fed a

soft diet represent a unique genetic model of systemic and jaw

bone alterations. In these conditions, crestal alveolar bone is

affected as DEA increased, and the periodontal ligament appeared

enlarged. Basal bone, which does not belong to the periodontal

tissue, was also affected as BV/TV and fibrous areas were

increased. This is sustained by an imbalance of bone remodeling

secondary to a decrease of bone formation and an increase of bone

resorption. However no prominent inflammatory infiltrates were

observed in periodontal tissues, mucosa and bone, nor were

periodontal pockets present, indicating the absence of overt PD.

In this model, even supra-pharmacological exposure to Zol, i.e 4

folds the human oncological dose, did not reactivate inflammation

and/or worsen the DRI. Although, Zol decreased osteoclast and

osteocyte number, and increased the percentage of empty lacunae

in Postn2/2, no area of necrotic bone was observed. Hence, in

absence of active inflammation, suppression of bone turnover (by

BPs) together with alterations of alveolar bone mass and bone

quality, i.e collagen fibers as in Postn2/2 [34], is not sufficient to

induce bone necrosis. Our results markedly differ from previous

observations in which zoledronate was administered at various

doses in animal models subjected to severe surgical procedure

(ligature [27] or extraction [49,50]), induction of PD by high

sucrose diet [28], metastatic processes, bacteria inoculation [51]

and/or cytotoxic drugs (dexamethasone, docetaxel…) [52]. In

these models, in addition to cellular infiltration, lesions reminiscent

of ONJ have sometimes been observed. Taken together these

experiments suggest that injury/inflammation is an pre-requisite

for the development of necrosis.

In wild-type OVX mice, Zol 1W still improved trabecular and

compact bone in the femur and basal bone in the jaw, i.e similar to

the oncologic dose (Zol 1M), as previously described [36].

However, in the jaw alveolar compartment, BV/TV remained

lower with weekly Zol administration. The concomitant decrease

of osteocytes, osteoclasts and bone remodeling (i.e low BFR) in the

jaw, could suggest a lower cell viability and / or replacement rate

with frequently dosed Zol, i.e low remodeling levels. In contrast,

we did not observe a significant reduction of osteocyte number in

the femur. Toxic effects of BPs on fibroblasts and epithelial cells

have been reported in-vitro and at high concentrations [53], [54],

[55], and suggested on osteocytes in vivo [56–57]. However

despite many studies, direct effects of BPs on bone osteoblasts/

osteocytes have been difficult to demonstrate in vivo using

clinically relevant doses [58]. The site-specific effects of BPs on

osteocytes observed in our study could be explained by some

differences in the biology of jaw vs peripheral osteoblasts, which

have various embryonic origins: in the long bones the osteoblast

lineage derives from the trunk lateral plate mesoderm, whereas in

the mandible it derives from the paraxial mesoderm [59]. It could

also be explained by the different remodeling rate between these

skeletal sites, which is higher in the jaw [60], potentially facilitating

the accumulation of BPs in the bone matrix [61], [62]. However,

after a single infusion of Zol in dogs, drug concentration in jaw

Figure 5. Zoledronate effect on osteocyte number and empty lacunae in jaw and femur site of Postn+/+ and Postn2/2 mice. Osteocyte
number and empty lacunae in the jaw (A) and the mid-shaft femur (B), (C–D) Toluidine blue, (C) Full of osteocyte lacunae with osteocyte in vehicle
(Veh) Postn2/2, (D) Less osteocyte and more empty lacunae (arrow) in zoledronate one injection per week (Zol 1W) vs vehicle in Postn2/2 mice. *
p,0.05 vs OVX vehicle in the respective genotype of Postn+/+ and Postn2/2. # p,0.05, ## p,0.01 vs Postn+/+ in the respective treatment. $ p,0.05
OVX Zol 1M. Bars show means (6 sem).
doi:10.1371/journal.pone.0058726.g005
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and teeth was not higher than in tibia and actually lower than in

pelvis or vertebrae [63]. Repeated administration of ibandronate

in rats also showed the absence of preferential intake in the jaw

[64].

It has been shown that the decrease of bone turnover by

Zoledronate does not affect serum periostin levels or periostin

immunostaining in mice [65,66]. In contrast, in absence of

periostin, high dose Zol was the least effective on the jaw BV/TV.

Hence, Postn2/2 mice receiving Zol 1W maintained a lower

alveolar BV/TV compared to mice receiving Zol 1M, and its

absolute value did not differ from placebo. Moreover, in these

mice, Zol 1W increased the number of empty osteocytic lacunae.

Basal bone turnover is lower in Postn2/2, however the decrease of

bone formation indices in response to Zol was not more

pronounced in absence of periostin. Hence, it is unlikely that the

poor gain of alveolar BV/TV under Zol in Postn2/2 mice could be

explained by an over-suppression of bone turnover.

In a model of fibrosis [67], interleukin-4, -13, two anti-

inflammatory cytokines, induced periostin expression, whereas

during periodontal inflammation periostin staining is down-

regulated [68]. On another side, Postn2/2 mice have latent PD,

and inflammatory cells produce cytokines that decrease osteoblast

functions. However, Postn2/2 mice did not present an increased

infiltration of jaw bone by inflammatory cells in response to Zol.

We previously reported that loading and PTH increases periostin

expression in osteocytes [34], and that periostin decreases the

expression of apoptotic molecules such as caspase 3 [47],

potentially through direct binding to intergrin aVb5 which

activate downstream FAK and Akt pathways. In others tissues,

increased periostin expression have also been suggested to

represent an adaptative cell response to maintain cell survivals

against an environmental stress [69], [70], [71]. Therefore, it is

possible that absence of periostin promoted BPs pro-apoptotic

effects on osteocytes [61–62], which together with low bone

turnover would explain the persistence and accumulation of empty

osteocytic lacunae. We cannot exclude that with a higher number

of animals and a longer duration of treatment the accumulation of

empty osteocytic lacunae would have led to the detection of bone

necrosis.

To conclude, zoledronate improved systemic and alveolar bone

alterations in OVX Postn2/2 mice, without producing jaw bone

necrosis.
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ME, et al. (2001) Clinical and radiological improvement of periodontal disease in

patients with type 2 diabetes mellitus treated with alendronate: a randomized,

placebo-controlled trial. J Periodontol 72: 204–209.

13. Leonard EP, Reese WV, Mandel EJ (1979) Comparison of the effects of ethane-

1-hydroxy-1,1-diphosphonate and dichloromethylene diphosphonate upon

periodontal bone resorption in rice rats (Oryzomys palustris). Arch Oral Biol

24: 707–708.

14. Gotcher JE, Jee WS (1981) The progress of the periodontal syndrome in the rice

rat. I. Morphometric and autoradiographic studies. J Periodontal Res 16: 275–

291.

15. Shoji K, Horiuchi H, Shinoda H (1995) Inhibitory effects of a bisphosphonate

(risedronate) on experimental periodontitis in rats. J Periodontal Res 30: 277–

284.

16. Mitsuta T, Horiuchi H, Shinoda H (2002) Effects of topical administration of

clodronate on alveolar bone resorption in rats with experimental periodontitis.

J Periodontol 73: 479–486.

17. Alencar VB, Bezerra MM, Lima V, Abreu AL, Brito GA, et al. (2002) Disodium

chlodronate prevents bone resorption in experimental periodontitis in rats.

J Periodontol ;(): 73: 251–256.

18. Tani-Ishii N, Minamida G, Saitoh D, Chieda K, Omuro H, et al. (2003)

Inhibitory effects of incadronate on the progression of rat experimental

periodontitis by porphyromonas gingivalis infection. J Periodontol 74: 603–609.

19. Weinreb M, Quartuccio H, Seedor JG, Aufdemorte TB, Brunsvold M, et al.

(1994) Histomorphometrical analysis of the effects of the bisphosphonate

alendronate on bone loss caused by experimental periodontitis in monkeys.

J Periodontal Res 29: 35–40.

20. Bilezikian JP (2006) Osteonecrosis of the jaw--do bisphosphonates pose a risk?

N Engl J Med 355: 2278–2281.

21. Rizzoli R, Burlet N, Cahall D, Delmas PD, Eriksen EF, et al. (2008)

Osteonecrosis of the jaw and bisphosphonate treatment for osteoporosis. Bone

42: 841–847.

22. Khosla S, Burr D, Cauley J, Dempster DW, Ebeling PR, et al. (2007)

Bisphosphonate-associated osteonecrosis of the jaw: report of a task force of the

American Society for Bone and Mineral Research. J Bone Miner Res 22: 1479–

1491.

23. Hoff AO, Toth BB, Altuntag K, Johnson MM, Warnecke CL, et al. (2008)

Frequency and risk factors associated with osteonecrosis of the jaw in cancer

patients treated with intravenous bisphosphonates. J Bone Miner Res 23: 826–

836.

24. Dental management of patients receiving oral bisphosphonate therapy: expert

25. panel recommendations. (2006) J Am Dent Assoc 137: 1144–1150.

26. Dimopoulos MA, Kastritis E, Bamia C, Melakopoulos I, Gika D, et al. (2009)

Reduction of osteonecrosis of the jaw (ONJ) after implementation of preventive

measures in patients with multiple myeloma treated with zoledronic acid. Ann

Oncol 20: 117–120.

27. Ripamonti CI, Maniezzo M, Campa T, Fagnoni E, Brunelli C, et al. (2009)

Decreased occurrence of osteonecrosis of the jaw after implementation of dental

preventive measures in solid tumour patients with bone metastases treated with

bisphosphonates. Ann Oncol 20: 137–145.

28. Aghaloo TL, Kang B, Sung EC, Shoff M, Ronconi M, et al. (2011) Periodontal

disease and bisphosphonates induce osteonecrosis of the jaws in the rat. J Bone

Miner Res 26: 1871–1882.

Zoledronate Effects on Jaw in Postn-/- Mice

PLOS ONE | www.plosone.org 9 March 2013 | Volume 8 | Issue 3 | e58726



29. Aguirre JI, Akhter MP, Kimmel DB, Pingel JE, Williams A, et al. (2012)

Oncologic doses of Zoledronic acid induce osteonecrosis of the jaw-like lesions in
rice rats (oryzomys palustris) with periodontitis. J Bone Miner Res in press.

30. Lesclous P, Abi Najm S, Carrel JP, Baroukh B, Lombardi T, et al. (2009)

Bisphosphonate-associated osteonecrosis of the jaw: a key role of inflammation?
Bone 45: 843–852.

31. Reid IR, Cornish J (2011) Epidemiology and pathogenesis of osteonecrosis of the
jaw. Nat Rev Rheumatol 8: 90–96.

32. Norris RA, Damon B, Mironov V, Kasyanov V, Ramamurthi A, et al. (2007)

Periostin regulates collagen fibrillogenesis and the biomechanical properties of
connective tissues. J Cell Biochem 101: 695–711.

33. Rani S, Barbe MF, Barr AE, Litvin J (2009) Periostin-like-factor and Periostin in
an animal model of work-related musculoskeletal disorder. Bone 44: 502–512.

34. Rios H, Koushik SV, Wang H, Wang J, Zhou HM, et al. (2005) periostin null
mice exhibit dwarfism, incisor enamel defects, and an early-onset periodontal

disease-like phenotype. Mol Cell Biol 25: 11131–11144.

35. Bonnet N, Standley KN, Bianchi EN, Stadelmann V, Foti M, et al. (2009) The
matricellular protein Periostin is required for Sclerostin inhibition and the

anabolic response to mechanical loading and physical activity. J Biol Chem 284:
35939–35950.

36. Van Poznak CH, Von Roenn JH, Temin S (2011) American society of clinical

oncology clinical practice guideline update: recommendations on the role of
bone-modifying agents in metastatic breast cancer. J Oncol Pract 7: 117–121.

37. Gasser JA, Ingold P, Venturiere A, Shen V, Green JR (2008) Long-term
protective effects of zoledronic acid on cancellous and cortical bone in the

ovariectomized rat. J Bone Miner Res 23: 544–551.
38. Sheng ZF, Xu K, Ma YL, Liu JH, Dai RC, et al. (2009) Zoledronate reverses

mandibular bone loss in osteoprotegerin-deficient mice. Osteoporos Int 20: 151–

159.
39. Huja SS, Fernandez SA, Phillips C, Li Y (2009) Zoledronic acid decreases bone

formation without causing osteocyte death in mice. Arch Oral Biol 54: 851–856.
40. Iida-Klein A, Lu SS, Yokoyama K, Dempster DW, Nieves JW, et al. (2003)

Precision, accuracy, and reproducibility of dual X-ray absorptiometry

measurements in mice in vivo. J Clin Densitom 6: 25–33.
41. Bouxsein ML, Pierroz DD, Glatt V, Goddard DS, Cavat F, et al. (2005) beta-

Arrestin2 regulates the differential response of cortical and trabecular bone to
intermittent PTH in female mice. J Bone Miner Res 20: 635–643.

42. Hildebrand T, Ruegsegger P (1997) A new method for the model-independent
assessment of thickness in the three-dimensional images. Journal of Microscopy

185: 67–75.

43. Chappard D, Palle S, Alexandre C, Vico L, Riffat G (1987) Bone embedding in
pure methyl methacrylate at low temperature preserves enzyme activities. Acta

Histochem 81: 183–190.
44. Parfitt AM, Drezner MK, Glorieux FH, Kanis JA, Malluche H, et al. (1987)

Bone histomorphometry: standardization of nomenclature, symbols, and units.

Report of the ASBMR Histomorphometry Nomenclature Committee. J Bone
Miner Res 2: 595–610.

45. Lasfargues JJ, Saffar JL (1993) Inhibition of prostanoid synthesis depresses
alveolar bone resorption but enhances root resorption in the rat. Anat Rec 237:

458–465.
46. McMillan PJ, Dewri RA, Joseph EE, Schultz RL, Deftos LJ (1989) Rapid

changes of light microscopic indices of osteoclast-bone relationships correlated

with electron microscopy. Calcif Tissue Int 44: 399–405.
47. Turner CH, Burr DB (1993) Basic biomechanical measurements of bone: a

tutorial. Bone 14: 595–608.
48. Bonnet N, Conway SJ, Ferrari SL (2012) Regulation of beta catenin signaling

and parathyroid hormone anabolic effects in bone by the matricellular protein

periostin. Proc Natl Acad Sci U S A 109: 15048–15053.
49. Pihlstrom BL, Michalowicz BS, Johnson NW (2005) Periodontal diseases. Lancet

366: 1809–1820.
50. Allen MR, Kubek DJ, Burr DB, Ruggiero SL, Chu TM (2011) Compromised

osseous healing of dental extraction sites in zoledronic acid-treated dogs.

Osteoporos Int 22: 693–702.

51. Abtahi J, Agholme F, Sandberg O, Aspenberg P (2012) Bisphosphonate-induced
osteonecrosis of the jaw in a rat model arises first after the bone has become

exposed. No primary necrosis in unexposed bone. J Oral Pathol Med In press.

52. Sonis ST, Watkins BA, Lyng GD, Lerman MA, Anderson KC (2009) Bony
changes in the jaws of rats treated with zoledronic acid and dexamethasone

before dental extractions mimic bisphosphonate-related osteonecrosis in cancer

patients. Oral Oncol 45: 164–172.

53. Allen MR, Ruggiero SL (2011) Osteonecrosis of the Jaw: Recent Clinical and
Preclinical Advances. IBMS BoneKEy 8: 141–153.

54. Ravosa MJ, Ning J, Liu Y, Stack MS (2011) Bisphosphonate effects on the

behaviour of oral epithelial cells and oral fibroblasts. Arch Oral Biol 56: 491–

498.

55. Scheper MA, Badros A, Chaisuparat R, Cullen KJ, Meiller TF (2009) Effect of
zoledronic acid on oral fibroblasts and epithelial cells: a potential mechanism of

bisphosphonate-associated osteonecrosis. Br J Haematol 144: 667–676.

56. Cornish J, Bava U, Callon KE, Bai J, Naot D, et al. (2011) Bone-bound

bisphosphonate inhibits growth of adjacent non-bone cells. Bone 49: 710–716.

57. Hansen T, Kunkel M, Weber A, James Kirkpatrick C (2006) Osteonecrosis of
the jaws in patients treated with bisphosphonates - histomorphologic analysis in

comparison with infected osteoradionecrosis. J Oral Pathol Med 35: 155–160.

58. Roelofs AJ, Coxon FP, Ebetino FH, Lundy MW, Henneman ZJ, et al. (2010)

Fluorescent risedronate analogues reveal bisphosphonate uptake by bone
marrow monocytes and localization around osteocytes in vivo. J Bone Miner

Res 25: 606–616.

59. Russell RG, Watts NB, Ebetino FH, Rogers MJ (2008) Mechanisms of action of
bisphosphonates: similarities and differences and their potential influence on

clinical efficacy. Osteoporos Int 19: 733–759.

60. Yu YY, Lieu S, Hu D, Miclau T, Colnot C (2012) Site Specific Effects of

Zoledronic Acid during Tibial and Mandibular Fracture Repair. PLoS One 7:
e31771.

61. Mavropoulos A, Rizzoli R, Ammann P (2007) Different responsiveness of

alveolar and tibial bone to bone loss stimuli. J Bone Miner Res 22: 403–410.

62. Masarachia P, WeinrebM, Balena R, Rodan GA (1996) Comparison of the

distribution of 3Halendronate and 3H-etidronate in rat and mouse bones. Bone
19: 281–290.

63. Cremers S, Papapoulos S (2011) Pharmacology of bisphosphonates. Bone 49:

42–49.

64. Weiss HM, Pfaar U, Schweitzer A, Wiegand H, Skerjanec A, et al. (2008)

Biodistribution and plasma protein binding of zoledronic acid. Drug Metab
Dispos 36: 2043–2049.

65. Bauss F, Pfister T, Papapoulos S (2008) Ibandronate uptake in the jaw is similar

to long bones and vertebrae in the rat. J Bone Miner Metab 26: 406–408.
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