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a b s t r a c t
Due to their inhibitory effects on resorption, bisphosphonates are widely used in the treatment of diseases associated to an extensive bone loss. Yet, little is known about bisphosphonates effects on newly-formed bone quality. In the present study, adult male Sprague-Dawley rats (n = 80) with a bone defect calvaria area were used and
short-term effects of zoledronic acid (ZA) were studied on the healing bone area. Three ZA treatments were tested by using either: 1°) a low single dose (120 μg ZA/kg, n = 10; equivalent to human osteoporosis treatment), 2°)
a low fractionated doses (20 μg ZA/kg daily for 6 days either a total of 120 μg/kg, n = 15), and 3°) a high fractionated doses, (100 μg ZA/kg weekly for 6 weeks, n = 15; equivalent to 6 months of human bone metastasis treatment). For each treatment, a control “vehicle” treatment was performed (with an identical number of rats). After
ZA administration, the intrinsic bone material properties were evaluated by quantitative backscattered electron
imaging (qBEI) and Raman microspectroscopy. Neither single nor fractionated low ZA doses modify the intrinsic
bone material properties of the newly-formed bone compared to their respective control animals. On the opposite, the high ZA treatment resulted in a signiﬁcant decrease of the crystallinity (− 25%, P b 0.05) and of the
hydroxyproline-to-proline ratio (−30%, P b 0.05) in newly-formed bones. Moreover, with the high ZA treatment,
the crystallinity was positively correlated with the hydroxyproline-to-proline ratio (ρ = 0.78, P b 0.0001). The
present data highlight new properties for ZA on bone formation in a craniofacial defect model. As such, ZA at
high doses disrupted the apatite crystal organization. In addition, we report here for the ﬁrst time that high ZA
doses decreased the hydroxyproline-to-proline ratio suggesting that ZA may affect the early collagen organization during the bone healing.
© 2016 Elsevier Inc. All rights reserved.

1. Introduction
Bisphosphonates (BPs) are known for their antiresorptive effects
and their clinical properties related to the improvement of bone
strength. BPs also show strong afﬁnity for bone mineral, and their beneﬁts are thought to be through their selective accumulation and improvement in bone quality, particularly in intrinsic bone material
properties [1]. These effects were shown in bones going under remodeling with the increased organic and mineral bone tissue maturities. Yet,
the remodeling suppression of BPs is only partial and some new bone
matrix can be formed under treatment [2]. The newly-formed bone
can be targeted by BPs because of the availability of the newly-formed
Abbreviations: BE, back-scattered electrons; BMDD, bone mineralization density
distribution; BP, bisphosphonate; CTL, control; GAG, glycosaminoglycan; PMMA, polymethyl methacrylate; qBEI, quantitative backscattered electron imaging; ROI, region of
interest; ZA, zoledronic acid.
⁎ Corresponding author at: EA 4490 PMOI, Faculté de Chirurgie Dentaire, Place de
Verdun, F-59000 Lille, France.
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mineral crystals for binding during BPs uptake and/or BPs recycling
[3]. In addition, the potential adverse effects or interferences of BPs
treatments on bone formation have been previously questioned in
bone modeling [4–6], long bones fracture healing repair [7–9], maxillae
bone healing [10–13] and osseointegration processes [14–16]. How BPs
could affect the bone material properties in newly-formed bones remains unclear.
Zoledronic acid (ZA), a potent third-generation amino-BP, is currently known to have a higher mineral binding afﬁnity and a higher
antiresorptive activity than other BPs [17]. On actively forming bone
surfaces, ZA has been previously shown to reverse deleterious postmenopausal osteoporotic effects as well as to exert also positive effects
on bone quality on the younger bones [18,19]. This enhancement of
the bone quality by ZA was suggested to be independent from its
antiresorptive effects, possibly by improving directly bone formation
and maturation. Nevertheless, the inﬂuence of ZA on bone matrix
formation and mineralization needs to be explored.
The rodent calvarial bone defect is widely used to evaluate bone
healing processes [20–22] or effects of various local factors on bone
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formation [23–25]. This craniofacial bone site in rodent represents a
suitable alternative model to evaluate bone formation without mechanical loading of the bone due to its localization [26]. We hypothesized
that BPs treatment modify the mineral and organic components of the
newly-formed bone in craniofacial bone region. The aim of the study
was thus to determine the ZA effects on bone material properties within
the repaired bone defect area in the rat model. We proposed to examine
the alterations of the newly-formed bone by Raman microspectroscopy
and quantitative backscattered electron imaging (qBEI). In particular,
we studied the relative gain/loss of newly-formed bone in ZA-treated
rats with low ZA doses (i.e., those used for treating osteoporosis) or
high ZA doses (i.e., those used for treating malignant bone diseases).
2. Materials and methods
2.1. Animals
Eighty adult male Sprague Dawley rats aged 56-day-old (400 g ±
20 g) were purchased from Elevage Janvier (Le Genest-Saint-Isles,
France). All animals were housed individually in light- and
temperature-controlled facilities and maintain with ad libitum access to a standard laboratory diet and water. All animals and surgical
procedures were approved by the Veterinary Department of the
French Ministry of Agriculture (approval no. 59-350137). The animals were treated in accordance with the guidelines of the
Hospitalo-Universitary Department of Experimental Research of
Lille (DHURE) and the Guide for Care and Use of Laboratory Animals
(NIH publication 93-23).
2.2. Surgical procedure
Surgical procedures were performed under ketamine (50 mg/kg,
Imalgen®) and xylasin (5 mg/kg, Rompun®). A dose of carprofen
(15 mg/kg, Rimaldyl®) was administrated to control postoperative
pain. After aseptic preparation, a semilunar incision was made
through the skin and periosteum at the top of the calvarium, allowing
reﬂection of a full thickness ﬂap in posterior direction. A custommade surgical guide was placed on the bone and ﬁxed using two
micro screws (0.9 × 1.3 mm Modus®, Mediartis S.A.R.L., Vaulx Milieu,
France). A 4-mm diameter defect was made on sagittal suture with a
trephine (Stoma®, Emmingen-Liptingen, Germany) using a low-speed
handpiece under sterile saline irrigation. The surgical guide was removed and the micro screws were left as references to allow localization of the original margins of the surgical defect after bone healing.
The soft tissues were then repositioned and sutured to achieve primary
closure (4-0 threads Vicryl Ethicon®, Norderstedt, Germany). All
animals exhibited normal activity and showed an increase in weight
after surgery.

Fig. 1. Time-line diagram of injections procedures according the dosing regimen (low
doses of 120 μg/kg body wt. or high dose of 600 μg/kg body wt.) and the administration
rhythm (single, S or multiple, M injections). Two weeks after surgery, among each
group S120, M120 and M600, an equivalent number of animals received randomly
zoledronic acid (ZA) or vehicle. Additionally, animals received injections of 30 mg/kg
body wt. calcein and demeclocycline at 15 days and 1 day before sacriﬁce respectively.

- group ZA-M120 (n = 15): a daily dose of 20 μg/kg body weight for
6 days (either the fractionated of 120 μg/kg dosage);
- group ZA-M600 (n = 15): one weekly dose of 100 μg/kg body
weight for 6 weeks (equivalent to 6 months of human bone metastasis treatment [28,29]).

Similarly, a same number of animals were treated with vehicle to
provide the respective control groups: CTL-S120 (n = 10), CTL-M120
(n = 15) and CTL-M600 (n = 15) groups.
To identify the newly-formed bone area, a double labelling was performed for which animals received intraperitoneally injections of
calcein and demeclocycline (30 mg/kg body weight, Sigma-Aldrich®,
Saint-Quentin Fallavier, France) at 15 days and 1 day before sacriﬁce
respectively.
2.4. Tissue processing
At 4 weeks post-operation (groups S120 and M120) or 8 weeks
post-operation (group M600), animals were sacriﬁced by lethal intracardiac injection of T61 under general sedation. The complete calvarium
area was harvested and ﬁxed in 70% ethanol solution for 48 h. Samples
were embedded in poly-methyl methacrylate (PMMA). A 100-μm-thick
section were cut in the cranio-caudal plane and progressively polished
with silicium carbides and diamond suspension (Escil®, Chavassieu,
France).
2.5. Selection of the bone areas

2.3. Dosing regimens
Zoledronic acid (ZA; 2-(imidazole-1-yl)-hydroxy-ethylidene-1, 1bisphosphonic acid, disodium salt, 4.75 hydrate) was provided by
Novartis Pharma (Basel, Switzerland). The drug was ﬁrst dissolved in
sterile physiological saline (0.9% NaCl) at a concentration of 50 μg/mL
and then further diluted to the given concentration to be administrated
for each animal.
Two weeks after surgery, animals were randomly treated with
subcutaneous dose of vehicle (sterile physiological saline, 0.9%) or
ZA following the same protocol. The randomization schedule was
generated by an online statistical computing web programming
(www.randomization.com).
Three doses of ZA were used as follows (Fig. 1):
- group ZA-S120 (n = 10): one single dose of 120 μg/kg body weight
(equivalent to human osteoporosis treatment [27]);

Imaging of ﬂuorescence labelling was performed with an
epiﬂuorescence confocal microscope Zeiss LSM710 (Carl Zeiss, France)
and the associated Zen 2009 software. The microscope was equipped
with an Apochromat objective (× 40, NA = 1.2), a multiline argon
laser, and adequate ﬁlter blocks. For each sample, the acquisition of
the entire calvarium bone section was performed to identify the
newly-formed bone (defect bone area) from the native bone (distant
bone areas). In the defect bone area, three distinct sampling areas
were selected between the two ﬂuorescent labelling (Fig. 2A). In some
cases (3/80 animals), the signal of demeclocycline labelling was very
low. In these cases, for which only calcein label was clearly discernible,
the sampling areas were chosen in the calcein labelling area because we
previously demonstrated that ﬂuorescence did not affect the bone quality parameters [30]. In the distant area, three distinct sampling areas
without ﬂuorescent labelling were chosen to achieve comparison
(Fig. 2B). For each sample, the quantitative backscattered electron
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Fig. 2. Selection of the two bone areas of interest within the defect bone and the distant bone with epiﬂuorescent imaging (left) and BE imaging (right). The demarcation between the
defect bone area and the distant bone area is indicated by an arrow on the top images. To explain the choice of sampling areas for the analysis and the transposition, two large areas
(A) and (B) were selected respectively within the defect bone and the distant bone (bottom images). On the left, the double ﬂuorescent labels allowed the identiﬁcation of three
distinct sampling areas within the newly-formed bone in the defect bone area and the selection of three distinct sampling areas within the native bone without ﬂuorescent labelling in
the distant bone. On the right, ﬁgures showing the transposition of these bone sampling areas to BE images. For each sample, both the qBEI and Raman measurements were realized in
the identical bone zones.

imaging (qBEI) and Raman measurements were performed in the same
bone areas.

2.6. Quantitative backscattered electron imaging (qBEI)
Bone mineralization density distributions (BMDD) of the entire calvarium bone sections was determined using qBEI as previously described [31]. Brieﬂy, samples were previously carbon coated under
vacuum evaporation. A Scanning Electron Microscopy (Quanta 200
FEI) coupled with an Energy Dispersive X-rays analysis detector (EDS,
QuanTax Bruker) was used. The accelerating voltage of the electron
beam was adjusted to 20 kV and the working distance at 10 mm. A
× 400 nominal magniﬁcation, corresponding to a pixel resolution of
1 μm/pixel was used. The digital backscattered electron (BE) image,
consisting of 512 × 512 pixels, was generated by one single frame. Six
digital BE images per sample (three localizations from the newlyformed bone and three localizations from the native bone) were taken
and used for the BMDD evaluation. The digital BE images were analyzed
by Aphelion software (ACDIS, Hérouville, France). A Region of Interest
(ROI) of 25 × 25 μm was selected per BE images (Fig. 2). The graylevel histogram was extracted from the ROI. The BE gray-scale was
calibrated using the “atomic number (Z) contrast” of reference materials [31]. The BE gray-scale was calibrated by changing brightness and
contrast using PMMA resin (Z = 6), aluminium (Al, Z = 13), magnesium ﬂuoride (MgF2, Zmean = 10) and tricalcium phosphate (β-TCP,
Zmean = 14.04). The experimental gray-levels of PMMA and β-TCP
were taken as 0% and 38.7% of weight of calcium, respectively. The BE
gray-level was converted into weight concentration calcium. This is
the weight calcium concentration per percentage of bone areas of the
scanned bone section that is deﬁned as the BMDD [31]. The qBEI method
is an indirect quantitative method to visualize relative changes of the
local mineral concentration. In the bone tissue, the concentration of calcium, the constituent with the highest atomic number (Z = 20), dominantly inﬂuences the intensity of the BE gray-level. The contribution of
other elements within the organic matrix (H, C, N, O, P, S) or within the
mineral (P, O, H, C, Mg) can affect the BE signal but, in the mature bone,
their contribution is considered to be negligible, as that was stated in
previous studies [31,32].

Three variables, obtained from BMDD, reﬂecting the calcium distribution were studied [31]:
1. CaMean, the average mean Ca concentration of mineralized bone,
2. CaMaxFreq, the peak height of the BMDD showing the maximal portion
of bone area having an identical Ca concentration,
3. CaWidth, the full width at half maximum of the distribution, reﬂecting
the heterogeneity of mineralization density.
2.7. Raman microspectroscopy
Raman analyses were carried out on a Labram HR800
microspectrometer (Horiba Gr, Jobin Yvon, Lille, France) as described
in a previous work [33]. Brieﬂy, the spectrometer was equipped with a
diode laser (λ = 785 nm), an air-cooled CDD (1024 × 256 pixels) and
a ×100 objective (NA = 0.90, Olympus, France). The illumination spot
size was close to 1 μm. Spectral acquisitions were done in the
300–1700 cm− 1 range. The total acquisition time for each spectrum
was 1 min with an integration time of 30 s and 2 accumulations. Each
spectrum was treated with smoothing ﬁltering (ﬁlter width: 5; and
polynomial order: 2), and polynomial baseline correction (degree
4) with Labspec software (Horiba GR, Jobin Yvon, Lille, France).
Raman analyses were done prior to qBEI analyses to prevent
artefacts due to carbon coating. The analyses were performed in
newly-formed bone and in native bone for each sample. Point by
point analyses were performed with a step of 5 μm and delimited by a
square of 25 × 25 μm. This procedure was repeated 3 times per bone
areas (three distinct localizations from the newly-formed bone and
three distinct localizations from the native bone), and with a correspondence with the bone localizations of epiﬂuorescence imaging and qBEI
analyses. A total of 150 spectra were obtained per sample.
All data analyses were performed using Matlab R2010a (Mathworks,
Inc., Natick, MA, USA). Five physicochemical variables were determined
from Raman spectra [34]:
1. The mineral-to-organic ratio = intensity ratio between ν1 PO4
(960 cm− 1) to the δ(CH2) side-chains of collagen molecules
(1450 cm−1) bands. The mineral to organic ratio reﬂects the relative
amount of mineral par amount of organic matrix and described the
mineral content of bone;
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2. The monohydrogen phosphate content = intensity ratio between ν3
HPO4 (1003 cm−1) and ν1 PO4 bands. The monohydrogen phosphate
(HPO4) content reﬂects the conversion of nonapatitic precursors into
apatitic mineral and consequently is related to the mineral bone
maturity;
3. The crystallinity = inverse of the full width at half maximum intensity (FWHM) of the ν1PO4 band. The crystallinity reﬂects mineral
crystal size and perfection; this is increased during mineralization
from initial amorphous calcium phosphate phases to well-ordered
apatite forms.
4. The type-B carbonate substitution = intensity ratio between B-type
CO3 (1071 cm−1) and ν1 PO4 bands. This non-stoichiometric substitution of PO4 ions in the crystal lattice (called type-B substitution)
promotes structural changes occurring within the crystal lattice (vacancies, shape and symmetry changes of the mineral crystal).
5. The hydroxyproline-to-proline ratio = intensity ratio between
proline (855 cm− 1) and hydroxyproline bands (870 cm−1). The
hydroxyproline-to-proline ratio gives an assessment of the collagen
posttranslational modiﬁcations. The hydroxyproline-to-proline ratio
had been suggested to be linked with the mineralization pattern [35].
These physicochemical variables are linked to pathophysiological
behavior of bone. In addition, relationships between these physicochemical variables and the biomechanical properties have been recently
investigated and described [36–38].
2.8. Data expression
To overcome the individual variations, the relative gain/loss of each
variable was assessed in the newly-formed bone in comparison with the
distant bone. For each animal, the variable's raw average in the newlyformed bone was weighted by the variable's raw average in the distant
bone as follow:
x¼

MEAN defect−MEAN distant
:
MEAN distant

This relative gain/loss values matches with x-fold the raw value of
the distant bone taken as baseline.
2.9. Statistical analysis
For each animal, the x value of relative gain/loss for each variable
was treated as a single statistical unit. Data are presented as mean ±
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standard deviation (SD). Due to the importance of relative values
interanimal variability, non-parametric tests were done. Difference between ZA and CTL groups for each S120, M120 and M600 conditions,
was tested using a Mann-Whitney U test. Correlation between variables
was examined among each group by linear regression and Spearman's ρ
rank correlation coefﬁcient calculated. Statistical signiﬁcance was
assigned to P b 0.05.
3. Results
3.1. Bone mineral calcium concentration in newly-formed bone
The average mean Ca concentration (CaMean) was unchanged between the ZA groups and their respective CTL groups in any S120,
M120 and M600 conditions (Table 1).
The maximal portion of bone area having an identical Ca concentration (CaMaxFreq) was similar between the ZA groups and their respective
CTL groups in any S120, M120 and M600 conditions (Table 1).
No difference was observed in the heterogeneity of mineralization
density (CaWidth) for the three ZA groups in comparison to their respective CTL groups (Table 1).
3.2. Bone mineral and collagenic composition/organization in newlyformed bone
Several modiﬁcations of the bone mineral and collagen variables
have been previously demonstrated during bone formation processes according to the tissue age of the newly-formed bone [36,39]. As
expected, we observed signiﬁcant modiﬁcations of different variables
of the newly-formed bone during healing processes between the CTLM600 group (28 days post-surgery) versus both CTL-S120 and CTLM120 groups (56 days post-surgery) as follows: a decrease of the
relative value of type-B carbonate substitution and of the HPO4 content,
and an increase of the relative value of crystallinity and of the
hydroxyproline-to-proline ratio (data not shown). For that reason, comparisons were done between a ZA group and its respective CTL group.
No difference was observed in the mineral content, neither the
mineral-to-organic ratio nor the HPO4 content, for the three ZA groups
in comparison to their respective CTL groups (Table 1).
In the ZA-M600 group, a signiﬁcant decrease of the relative value of
crystallinity (− 25%, P = 0.0298) was observed, when compared to
the respective CTL-M600 group (Fig. 3). Additionally, a signiﬁcant
decrease of the relative value of the hydroxyproline-to-proline ratio

Table 1
Study of the relative Raman and qBEI variables from newly-formed bone in rat calvaria area for the three ZA groups and their respective controls (Mann-Whitney U test).
S120

a

Mineral-to-organic ratio
Crystallinityb
Type-B CO3 substitutionc
HPO4 contentd
OHpro-to-pro ratioe
CaMeanf
CaMaxFreqg
CaWidthh

M120

M600

CTL (n = 10/20)

ZA (n = 10/20)

CTL (n = 15/30)

ZA (n = 15/30)

CTL (n = 15/30)

ZA (n = 15/30)

0.142 ± 0.143
−0.030 ± 0.018
−0.013 ± 0.037
0.160 ± 0.142
0.015 ± 0.052
0.099 ± 0.045
0.028 ± 0.061
−0.061 ± 0.076

0.216 ± 0.142
−0.046 ± 0.022
−0.036 ± 0.045
0.064 ± 0.114
0.013 ± 0.021
0.133 ± 0.034
0.019 ± 0.071
−0.037 ± 0.073

0.046 ± 0.126
−0.022 ± 0.041
−0.024 ± 0.035
0.227 ± 0.166
−0.016 ± 0.039
0.084 ± 0.034
0.078 ± 0.070
−0.056 ± 0.092

−0.056 ± 0.095
−0.050 ± 0.018
−0.042 ± 0.038
0.217 ± 0.159
−0.029 ± 0.059
0.071 ± 0.047
0.065 ± 0.059
−0.074 ± 0.100

−0.002 ± 0.113
0.495 ± 0.213
−0.164 ± 0.080
−0.032 ± 0.047
0.400 ± 0.239
0.132 ± 0.035
0.183 ± 0.142
−0.021 ± 0.118

0.045 ± 0.128
0.369 ± 0.088*
−0.111 ± 0.072
−0.023 ± 0.028
0.279 ± 0.083**
0.151 ± 0.041
0.192 ± 0.093
−0.023 ± 0.089

The relative gain was expressed as a positive value, and the relative loss as a negative value which matches with x-fold the raw value of distant bone. The mean ± SD are listed. The
statistical signiﬁcance between ZA groups and their respective CTL groups is denoted by bold text.
*P = 0.0298 and **P = 0.0247, compared to CTL.
a
Mineral-to-organic ratio = ʋ 1 (PO4)/δ(CH2)-wag.
b
Crystallinity = 1/FWHM de ʋ 1 (PO4).
c
Type-B CO3 substitution = ʋ 1 (CO3)/ʋ1 (PO4) bands.
d
HPO4 content = ν3 HPO2−
4 /ʋ 1 (PO4) bands.
e
OHpro-to-pro ratio = hydroxyproline/proline ratio.
f
Camean = the average mean calcium concentration.
g
CaMaxFreq = the maximal portion of bone area having an identical calcium concentration.
h
Cawidth = the heterogeneity of mineralization density.
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Fig. 3. Comparison of the relative gain/loss of variables in the newly-formed bone
according to the dosing regimen (S120, M120, and M600) between ZA groups and its
corresponding CTL groups: relative values of crystallinity (A) and hydroxyproline-toproline ratio (B).

(− 30%, P = 0.0247) was observed, when compared to the respective
CTL-M600 group (Fig. 3).
These variables were unchanged in the ZA-S120 and ZA-M120
groups, compared to their respective CTL-S120 and CTL-M120 groups
(Fig. 3).
3.3. Potential correlations between the different variables
Correlations between the relative variables are indicated in Table 2.
For both M600 CTL- and ZA-groups, the crystallinity was positively
correlated with the hydroxyproline-to-proline ratio (ρ = 0.80 and
0.90 respectively, P b 0.0005) (Fig. 4A), and the mineral-to-organic
ratio negatively correlated with the HPO4 content (ρ = − 0.58 and
−0.51 respectively, P b 0.05) (Fig. 4B).
Other correlations were observed either only in a CTL group or only
in a ZA group, which we consider as minor correlations. No other major
correlation between variables was observed in both ZA and CTL groups.
4. Discussion
Bone quality, especially intrinsic bone material properties of the
newly-formed bone was evaluated by qBEI and Raman variables within
bone defect of rat's calvaria. The newly-formed bone at the same tissue
age was determined by the double labelling technique using two distinct cyclines to compare ZA group with the corresponding CTL group
for each dosing regimen. As healing could differ between each individual, ZA effects were studied on relative gain/loss parameters to assess the
newly-formed bone quality within a bone defect repaired area.
Apatite crystal organization is deﬁned as the perfection and relative
size/strain of the crystal and is determined by the crystallinity [40]. In
the present study, the crystallinity decreased in the ZA-M600 compared
to the CTL-M600 group, suggesting that high ZA doses should be
involved in the crystal lattice rearrangement of newly-formed bone.
Our results agree with previous observations made in actively bone-

forming surface of trabecular bone in ZA-treated osteoporotic women
after 3-years treatments [18,19]. This effect was suggested to be attributed to ZA, which could alter the osteoblastic function and/or the rate of
mineral maturation [18,19]. Interestingly in the present study, no variation was observed on mineral components (Ca or PO4) or on mineral
maturity determined by the HPO4 content. For the same age of newlyformed bone tissue, our results preclude that ZA does not act on bone
mineral apposition or maturation, but can change the apatite organization. Due to the ZA negative zeta potential at pH 7.4, its adsorption into
the apatite crystal was reported to modify the crystal electrical charge
and to increase potential attractions to ionic and/or matrix mineralization molecules and, thus to reorganize the crystalline growth [41,42].
Another hypothesis of changes in the crystalline organization could be
an ionic substitution of the ZA molecule among apatite crystal lattice
[43]. The ZA uptake in biological apatite possibly causes such early molecular restructuring and disruption on apatite crystal lattice during its
growth.
The hydroxyproline-to-proline ratio was use to investigate the
intrachain collagen stability. Indeed, in the nascent collagen ﬁbril,
some proline moieties can be hydroxylated to further stabilize the collagen helical structure by intrachain hydrogen bounds [44,45]. Fibrils in
which proline moieties have not been hydroxylated are far less stable
than ﬁbers in which these moieties have been hydroxylated [46]. The
use of the hydroxyproline and proline bands taken together was recently suggested as reliable collagen markers for Raman analyses [47]. The
authors assume that the sum of proline and hydroxyproline is constant
while the ratio of these two variables ﬂuctuates in function of the proline hydroxylation rate [42]. In the present study, the hydroxyprolineto-proline ratio was decreased in the ZA-M600 group compared to the
CTL-M600 group, indicating a reduction of proline hydroxylation and
consequently a reduction of the intrachain collagen stability. Other
collagen posttranslationnal modiﬁcations about interﬁbril collagen
cross-linking (that reﬂects the collagen maturity) have been previously
reported with various BPs treatment [48–53]. Due a long-term suppression of bone remodeling, long-term BPs treatments were linked to an
increase of the collagen maturity [48–51]. Yet, in actively bone forming
surfaces based on ﬂuorescent labelling, the collagen maturity varied
according to the BPs and independently to the bone remodeling [52,
53]. In the present study, the collagen posttranslational modiﬁcations
about the proline hydroxylation similarly indicated an effect of high
ZA doses during bone formation and independently to its bone remodeling suppression. The proline hydroxylation occurs earlier than the
cross-linking and, in the endoplasmic reticulum of osteoblasts [44,45].
In a similar rat calvarial bone defect model, the collagen production by
osteoblasts was shown to be highest at the second week after bone
defect surgery [21] coinciding in our model with the ﬁrst ZA injection.
Previous data indicated that small amount of BPs could be internalized
by osteoblasts [54]. The BPs effects on osteoblastic cells and their implications on collagen [55–58] and mineral production [59–61] are still debated. To date, the roles of BPs on osteoblasts could not be established
in vivo and it is difﬁcult according to the coupling between osteoclasts
and osteoblasts to highlight such indirect effects on remodeling cycle.
In the present study, alterations of the hydroxyproline-to-proline ratio
seem to indicate a potential effect of ZA on osteoblasts during bone
formation.
Interestingly, we found that, in the older rats and independently of
the treatment without or with ZA (M600), the crystallinity was
positively correlated with the hydroxyproline-to-proline ratio. Collagen
posttranslational modiﬁcations were reported to be implicated in
mineralization pattern depending to species [35] and in mineralization
mechanism in brittle bone diseases [62]. During bone formation, the
hierarchical structure of collagen ﬁbers provides a scaffold for ordering
apatite mineral deposition [63] and could also modify the crystallinity.
The hydroxyproline promotes stronger interactions to hydroxyapatite
surface than proline due to its extra hydroxy functional group
[64]. Thus, hydroxylation of the proline could act on early collagen
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Table 2
Study of potential correlations between the different variables for each rat group. The Spearman's ρ values and (the P value) are listed.

Mineral-to-organic ratioa

S120
M120
M600

Crystallinity

b

S120
M120
M600

Type-B CO3 substitution

c

S120
M120
M600

HPO4 content

d

S120
M120
M600

OHpro-to-pro ratioe

S120
M120
M600

CTL
ZA
CTL
ZA
CTL
ZA
CTL
ZA
CTL
ZA
CTL
ZA
CTL
ZA
CTL
ZA
CTL
ZA
CTL
ZA
CTL
ZA
CTL
ZA
CTL
ZA
CTL
ZA
CTL
ZA

CaMeanf

CaMaxFreqg

CaWidthh

OHpro-to-pro ratioe

HPO4 contentd

Type-B CO3 substitutionc

Crystallinityb

0.28 (0.425)
−0.57 (0.082)
−0.06 (0.830)
0.08 (0.761)
−0.07 (0.855)
0.72 (0.005)
0.55 (0.98)
0.03 (0.934)
0.16 (0576)
0.46 (0.084)
0.17 (0.627)
−0.01 (0.972)
0.20 (0.580)
0.16 (0.651)
0.09 (0.742)
−0.02 (0.93)
0.24 (0.511)
0.52 (0.071)
−0.77 (0.009)
0.42 (0.229)
−0.42 (0.121)
−0.08 (0.761)
0.59 (0.074)
−0.33 (0.271)
0.32 (0.365)
0.16 (0.651)
0.05 (0.850)
−0.05 (0.850)
0.54 (0.108)
0.08 (0.803)

−0.44 (0.200)
−0.72 (0.019)
−0.20 (0.467)
−0.14 (0.625)
−0.43 (0.214)
0.40 (0.174)
0.09 (0.803)
−0.15 (0.676)
−0.13 (0.639)
−0.65 (0.008)
−0.02 (0.960)
−0.09 (0.761)
−0.07 (0.855)
−0.03 (0.934)
−0.30 (0.271)
0.21 (0.450)
0.28 (0.425)
0.10 (0.748)
0.11 (0.751)
0.37 (0.293)
0.29 (0.296)
0.01 (0.980)
0.59 (0.073)
0.03 (0.929)
−0.67 (0.033)
0.36 (0.310)
0.23 (0.413)
0.37 (0.170)
0.20 (0.580)
0.38 (0.194)

0.19 (0.603)
−0.02 (0.960)
−0.08 (0.771)
−0.25 (0.367)
0.41 (0.244)
−0.12 (0.694)
0.11 (0.751)
0.31 (0.385)
−0.06 (0.830)
0.19 (0.495)
0.13 (0.726)
0.29 (0.334)
0.48 (0.161)
−0.01 (0.987)
0.16 (0.576)
0.23 (0.413)
0.01 (0.990)
−0.17 (0.578)
0.15 (0.676)
−0.38 (0.276)
−0.08 (0.771)
0.04 (0.889)
−0.11 (0.751)
−0.17 (0.578)
0.10 (0.777)
0.07 (0.855)
−0.10 (0.732)
−0.25 (0.369)
−0.16 (0.651)
0.33 (0.271)

0.73 (0.016)
−0.19 (0.603)
0.25 (0.376)
0.19 (0.499)
0.02 (0.940)
−0.5 (0.859)
0.11 (0.751)
0.39 (0.260)
0.18 (0.507)
−0.54 (0.037)
0.80 (0.0003)
0.90 (b0.0001)
0.48 (0.161)
0.56 (0.090)
0.26 (0.355)
0.22 (0.420)
0.06 (0.840)
0.06 (0.830)
−0.55 (0.098)
−0.03 (0.934)
−0.08 (0.761)
0.06 (0.830)
0.36 (0.191)
−0.23 (0.405)

−0.45 (0.187)
0.22 (0.533)
−0.36 (0.191)
−0.05 (0.850)
−0.58 (0.031)
−0.51 (0.050)
−0.56 (0.090)
0.01 (0.987)
0.11 (0.685)
−0.33 (0.223)
0.22 (0.435)
−0.33 (0.22)
−0.61 (0.060)
−0.15 (0.676)
0.00 (1.000)
−0.23 (0.398)
0.05 (0.869)
−0.72 (0.002)

0.64 (0.048)
0.03 (0.934)
0.25 (0.362)
0.35 (0.196)
0.425 (0.114)
0.30 (0.283)
0.48 (0.161)
0.68 (0.029)
0.12 (0.666)
0.09 (0.747)
−0.19 (0.499)
0.11 (0.704)

0.32 (0.365)
0.22 (0.533)
−0.05 (0.869)
0.12 (0.671)
−0.11 (0.685)
0.02 (0.929)

The relative gain was expressed as a positive value, and the relative loss as a negative value which matches with x-fold the raw value of distant bone. The mean ± SD are listed. The
statistical signiﬁcance between ZA groups and their respective CTL groups is denoted by bold text.
a
Mineral-to-organic ratio = ʋ 1 (PO4)/δ(CH2)-wag.
b
Crystallinity = 1/FWHM de ʋ 1 (PO4).
c
Type-B CO3 substitution = ʋ 1 (CO3)/ʋ 1 (PO4) bands.
d
HPO4 content = ν3 HPO2−
4 /ʋ 1 (PO4) bands.
e
OHpro-to-pro ratioe = hydroxyproline/proline ratio.
f
Camean = the average mean calcium concentration.
g
CaMaxFreq = the maximal portion of bone area having an identical calcium concentration.
h
Cawidth = the heterogeneity of mineralization density.

organization and possibly promote apatite crystal growth and order on
the collagen matrix.
In the present study, no variation in the local mineral concentration
was observed at any ZA dose level tested. In the mature bone, the correlation between qBEI measurements and mineral content [32,65] and the
qBEI measurements underline dominantly the concentration of calcium.
The contribution of other elements (C, O, P) within organic or mineral
bone matrix is considered to be negligible as stated in previous studies
[31,32]. In the newly-formed bone (identiﬁed by the double labelling
technique), the correlation between qBEI measurements and mineral
content is not clearly established. It cannot be excluded that the local
contribution of other elements (C, O, P) from bone matrix or embedding
material component may inﬂuence the qBEI measurements. Due to
these limitations, the qBEI measurements need to be carefully considered in the newly-formed bone to determinate the relative changes of
local mineral concentration occurred [65].
Furthermore, only the inﬂuence of ZA on newly-formed bone is investigated. Long-term consequences on bone quality (i.e. composition
and structure), especially some disturbance or some failure of the
newly-formed bone's remodeling, is possible with ZA administration.
If the rodent calvarial bone defect is a well-established model to carry
out the bone formation processes [20–26], such long-term bone remodeling evaluation is difﬁcult with the rodent due to its lack of bone remodeling [66]. The alterations of apatite organization and collagen
stability are observed with high ZA doses (ZA-M600 group); no
difference was observed with the lower dose of ZA (neither ZA-S120
nor ZA-M120 groups). Nevertheless, the impact of the ZA larger dose
cannot be dissociated from the longer time period between the ZA-

M600 group and the ZA-S120 or ZA-M120 groups and have to be considered. In the present study, we care to be clinically relevant to bone
malignancy treatment with a weekly dose of 100 μg/kg [28,29]. Indeed,
in human treatment, the nephrotoxicity is a well-known side effect of
bisphosphonates. Some cases of renal toxicity have been previously
documented following zoledronic acid treatment in patients with
malignancy diseases [67–71]. According to bisphosphonate treatment
recommendations, zoledronic acid is given at a 4 mg-dose every 3 or
4 weeks for the bone malignancy treatment to prevent side effects
[72]. In rat, due to the long half-life of zoledronic acid in renal tissue
and its complete renal clearance observed with at least 96 h [73], a
daily administration would induce a renal toxicity. The design of the
present study has been determined to mimic the safety of this malignancy dosage and administration. In addition, the timing of repeated
ZA injections with the high dose cannot be dissociated from the dosing
regimen and have also to be considered. There are some key moments
in the bone formation process that will determine the effects of ZA administration: in similar bone defect even if mineral apposition increases
gradually with time up to 8 weeks of bone healing process [22], the osteoblastic collagen matrix producing is highest at 2 weeks [21], and the
bone mineral deposition is highest at 4 weeks [20]. In the present study,
an efﬁcient dose of ZA delivered during these key strategic moments
seems to modify the collagen matrix organization and the newlyformed mineral crystals structure during their deposit.
In summary, the present study focuses on the short-term inﬂuence
of ZA on mineral and organic components into a bone defect healing
in the rat model. Our ﬁndings highlight some new properties for high
ZA doses on newly-formed bone in a craniofacial defect model without
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Fig. 4. Correlations between the relative values of the crystallinity and the hydroxyprolineto-proline ratio (A), and between the mineral-to-organic ratio and the HPO4 content
(B) among both M600 groups. Full diamond and empty circle represent the M600-ZA
group and the M600-CTL group, respectively.

functional stimulation. Contrarily to high ZA doses, which are equivalent to 6 months of human bone metastasis treatment, the intrinsic
bone material properties of the newly-formed bone weren't modiﬁed
by neither single nor fractionated low ZA doses, which are equivalent
to human osteoporosis treatment. As already reported for bone remodeling, here we found that the apatite crystal organization during
the bone healing process was disrupted by high ZA doses. Additionally,
we reported for the ﬁrst time that the intrachain collagen stability
was reduced by high ZA doses, as reﬂected by the decrease of the
hydroxyproline-to-proline ratio. These altered collagen modiﬁcations
suggest that ZA may affect the osteoblast functions during early stages
of bone repair in the rat model. Additional studies are required to explore the BPs inﬂuence in humans on the early collagen organization,
especially at actively bone-forming surfaces.
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