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ABSTRACT
To test how osteoporosis drugs affect bonematrix maturation during cortical bone remodeling, 72 pregnant rats were switched from
a 0.4% to a 0.01% calcium diet at parturition for a 23-day lactation period. At weaning, eight damswere sacrificed to establish baseline
values, while the remaining dams were returned to 0.4% calcium and treated with vehicle (saline), sodium fluoride (NaF), zoledronic
acid (ZA), or sclerostin antibody (Scl-Ab) for either 7 or 28 days (eight animals per group per time point). Femora were examined by
μCT, dynamic histomorphometry, Fourier transform infrared imaging, and three-point bending of notched specimens. Cortical poros-
ity decreased in all groups from baseline to day 28. Intracortical mineralizing surface (MS/BS) and mineral apposition rate (MAR), as
well as the mineral-to-matrix ratio were unaffected by treatment, but intracortical crystallinity was increased in the ZA group at day
10 compared with vehicle. Cortical area increased in all groups over 28 days mainly because of an addition of bone at the endocor-
tical surface. Endocortical MS/BS did not vary among the groups, but endocortical MARwas suppressed in the NaF group at day 2 and
elevated in the Scl-Ab group at day 4 compared with vehicle. Endocortical mineral-to-matrix ratio was increased at days 5 and 10 fol-
lowing NaF treatment and endocortical crystallinity was increased at day 5 following ZA treatment compared with vehicle. Fracture
toughness did not differ among the groups. Thus, the treatments affected matrix maturation more strongly at the endocortical then
intracortical envelope. In this model of induced remodeling, the bone formation phase is synchronized at multiple sites, facilitating
study of the effects of drugs or other bone-targeting agents on matrix maturation independent of their effects on the initiation of
remodeling. © 2020 The Authors. JBMR Plus published by Wiley Periodicals, Inc. on behalf of American Society for Bone and Mineral
Research.

KEY WORDS: BISPHOSPHONATE; BONE REMODELING; INTRACORTICAL; LACTATION; MINERALIZATION; SCLEROSTIN

Introduction

Bone remodeling is a complex process that is initiated when
osteoclasts resorb bone matrix and is completed only after

the deposited collagen matrix is mineralized. Matrix maturation,
or the process by which collagen matrix accumulates calcium
phosphate mineral, provides bone tissue with its characteristic
strength and stiffness. Nevertheless, the process of matrix matu-
ration in the adult skeleton remains poorly understood, partly
because a limited quantity of matrix is actively mineralizing at
any given time and place. Using small animal models, one can
induce remodeling and synchronize the formation phase mak-
ing the process of matrix mineralization in the adult skeleton

more amenable to study. To this end, our lab has shown in adult
rats that the bone formation phase is synchronized at multiple
remodeling sites following a regimen in which a low calcium diet
during lactation is followed by return to normal calcium intake
upon weaning.(1,2) The model is characterized by normal matrix
mineralization kinetics(2) and minimal effects on mineral metab-
olism during the formation period.(1)

Osteoporosis drugs alter bone mass by either inhibiting bone
resorption or increasing bone formation.(3,4) Although the
effects of these treatments on resorption and formation are
generally well-established by preclinical studies and clinical tri-
als in which bone biopsies are analyzed, it is less common for
researchers to investigate treatment effects on matrix
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maturation and the quality of the resulting matrix. The example
of sodium fluoride (NaF) clearly demonstrates an instance
where increasing bone mass while altering maturation can neg-
atively affect drug efficacy. NaF was a promising osteoporosis
treatment because it increased BMD.(5) However, it became evi-
dent that the treated patients were at increased risk of
fracture,(6,7) which was later attributed to NaF-induced aberrant
mineralization.(8) Had there been a preclinical model to assess
the effect of NaF on maturation, it is likely that these fractures
could have been avoided.

The potential effects of current osteoporosis drugs on matrix
maturation are not well-studied. Thus, the precise nature of
these effects and whether they negatively impact mechanical
function remain unclear. Bisphosphonates, the most commonly
prescribed class of bone-targeting drugs, have been shown to
regulate the expression of mineralization-related genes in vitro;
however, it is difficult to assess their effects on maturation
in vivo because of the inhibited bone remodeling following
treatment. Without resorption, there are very few sites of active
tissue maturation in short-term animal studies. However, in
long-term human biopsies, there have been reports of altered
matrix mineralization following bisphosphonate treatment.(9–11)

Sclerostin protein has been reported to inhibit mineral accumu-
lation in vitro,(12,13) which is consistent with in vivo evidence
showing that suppression of sclerostin activity via monoclonal
antibodies reduces the mineralization lag time(13) and acceler-
ates mineralization kinetics.(14)

Utilizing the lactation/low Ca rat model we sought to assess
the effects of zoledronic acid and sclerostin antibody on matrix
maturation during cortical remodeling and the subsequent
material properties of the newly formed bone. We used vehicle
and NaF treatments as controls. We hypothesized that because
of the highly anabolic period following weaning and return to
a normal calcium diet, the treatments would not affect bone for-
mation, but would affect matrix maturation.

Methods

Experimental design

All animal experiments were performed under institutionally
approved protocols. Seventy-two 10-week-old female Sprague–
Dawley rats were bred at Envigo (Indianapolis, Indiana) and
shipped to Rush University Medical Center (Chicago, IL, USA)
on embryonic day 15 (E15). All animals were singly caged, sub-
ject to a 12-hour light/dark cycle, and provided water and food
access ad libitum. At parturition, litters were normalized to
nine pups per dam. During the 23-day lactation phase, all ani-
mals were placed on a low calcium diet (0.01% calcium; Teklab
Diets, Madison, WI, USA) to induce substantial resorption.(2) At
weaning, a cohort of eight dams was sacrificed to establish
baseline skeletal structure.

The remaining 64 dams were randomized into one of four
groups and switched to a normal calcium diet (0.4%) for the
recovery phase, which lasted for either 7 or 28 days. The final
sample size per group was eight rats per treatment per time,
except in the vehicle-treated group sacrificed at 28 days, where
one of the randomly assigned dams was not pregnant. Treat-
ments included saline (vehicle), NaF, zoledronic acid (ZA), or
sclerostin antibody (Scl-Ab). Vehicle, ZA, and Scl-Ab were pro-
vided via weekly s.c. injections. Both ZA and Scl-Ab were diluted
in saline and provided at doses of 1.5 μg/kg, and 5 mg/kg,
respectively. NaF was provided in the drinking water at a dose

of 100 mg/L. Both ZA and Scl-Ab doses were specifically chosen
to be relatively low, to avoid potential hypocalcemia. The ZA
dose was chosen based on previous publications employing
low doses in rodents,(15–17) whereas the Scl-Ab dose used was
chosen to mimic the clinical dose used in patients. The dose of
NaFwas chosen tomatch that of studies that have demonstrated
clear bone remodeling effects.(18,19)

At the time of sacrifice, left and right femurs were dissected
and cleaned of soft tissues. The left femurs were immediately
fixed in 70% ethanol at 4�C for 48 hours. Right femurs were
wrapped in saline-soaked gauze and frozen at −20�C. A graphi-
cal representation of the locations of various analyses is pre-
sented in Fig.1 and described in more detail in the
corresponding sections below.

Fluorochrome labeling

All animals in each of the four groups received s.c. fluorochrome
injections during the recovery phase to allow for tissue-age-
specific assessment of bone matrix maturation as described pre-
viously.(2,14) Cohort 1 received tetracycline on the day after
weaning, calcein on the third day, and Alizarin Red on the fifth
day, followed by sacrifice on the seventh day. Cohort 2 received
tetracycline on the 8th day, xylenol orange on the 12th day, cal-
cein on the 16th, and Alizarin Red on the 20th day, followed by
sacrifice on the 28th day. Using the fluorochrome labels, we
planned to isolate bone of specific tissue ages; 2 to 4 and 4 to
6 days in cohort 1 and 8 to 12, 12 to 16, and 16 to 20 days in
cohort 2.

Fig. 1. Representative X-ray images demonstrating the location of vari-
ous analyses performed as part of the current study. The right femur
was used for μCT analysis of the midshaft diaphysis, followed by fracture
toughness testing. The distal femoral diaphysis of the left femur was used
for μCT and for Fourier transform infrared imaging (FTIR). Finally, the
proximal metaphysis from femurs collected in a previously published
study using the lactation/low calcium model(1) was used to evaluate
remodeling histologically
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Histological assessment of intracortical and endocortical
bone remodeling

To investigate the progression of remodeling in the lactation/
low Ca model, we performed an histological analysis at the
intracortical and endocortical bone surfaces. Undecalcified
femoral bone specimens from our previously published study,
in which dams were sacrificed at weaning and at days 1 and
7 during the recovery process, were fixed in 70% ethanol, dehy-
drated in a graded series of ethanol solutions, and embedded in
methylmethacrylate. The embedded specimens, one from each
rat at each time point, were cut into 230 to 470 7.5-μm-thick
serial sections where every 10th section was Masson
trichrome-stained(20) to assess remodeling activity in the intra-
cortical remodeling events. Prior to staining, sections were
deplasticized using 2-methoxyethyl acetate, followed by dehy-
dration in graded ethanol solutions (99% to 96%) and rehydra-
tion in water. Following Masson trichrome staining, sections
were treated with a graded ethanol solution (96% to 99%),
xylene and mounted with Pertex (HistoLab Products, Gothen-
burg, Sweden). The abundance of eroded, osteoid, and quies-
cent surfaces was microscopically assessed in the frontal
plane of the left proximal femoral diaphysis under normal and
polarized light, rendering the lamellae structure and cement
lines more visible. Representative images of the remodeling
activities at each time point were obtained using an Olympus
UC30 camera mounted on an Olympus BX53 microscope
(Olympus, Waltham, MA, USA).

Bone structure

Bone structure was assessed using μCT (μCT50; Scanco Medical
AG, Brüttisellen, Switzerland). The first series of measurements
were performed at the distal femoral diaphysis, a site previously
identified as a location with significant endocortical and intracor-
tical remodeling in the lactation/low calcium model.(2) Left
femurs were scanned in 70% ethanol at 70 kVp, 57 μA,
1500-ms integration time, and 2-μm voxel size. Variables of inter-
est includedmedullary and total area, cortical thickness, and cor-
tical porosity. The second series of measurements were
performed at themidshaft diaphysis of the right femurs tomatch
the location of subsequent mechanical testing. Femurs were
scanned in cold saline using the following scan settings:
70 kVp, 57 μA, a 500-ms integration time, and a 14.8-μm voxel
size. Variables of interest included cortical area, porosity, inner
and outer radii, and the moment of inertia.

Dynamic histomorphometry

After μCT scanning, left femurs were dehydrated in a graded
series of alcohol and embedded in an epoxy resin (EpoThin;
Buehler). Transverse, cross-sectional slabs, which were approxi-
mately 700-μm thick, were cut from the embedded femurs at
the distal femoral diaphysis region of interest previously scanned
by μCT using a diamond-band saw (E300; EXAKT Technologies,
Oklahoma City, OK, USA). Sample slabs were fixed to plastic
slides (EpoCure; Buehler, Lake Bluff, IL, USA), followed by grind-
ing to a section thickness of roughly 500 μm and polishing to a
mirror surface (Phoenix 4000; Buehler). Dynamic histomorpho-
metry was performed at the endocortical and intracortical sur-
faces using the fluorochrome labels injected during the bone
recovery process (Osteomeasure; OsteoMetrics, Decatur, GA,
USA). Mineral apposition rate (MAR) was assessed between each
sequential series of fluorochrome labels. Endocortical

mineralizing surface per bone surface (MS/BS) was determined
as the total endocortical label perimeter divided by the label
perimeter of the inner-most fluorescent label. To determine the
intracortical bone surface, the sections were stained with tolui-
dine blue to identify cement lines and the perimeter of remo-
deled intracortical units were determined by the presence of
stained cement lines and polarized lamellae, as described previ-
ously.(2) Bone formation rate per bone surface (BFR/BS) was
defined as the multiplication of MS/BS and MAR.(21)

Fourier transform infrared imaging

High-resolution reflectance Fourier transform infrared imaging
(FTIRI) was performed at the Advanced Light Source (ALS) at
the Lawrence Berkeley National Laboratory (Berkeley, CA, USA).
Measurements were made between fluorochrome labels using
the same polished distal femoral diaphyseal cross-sections used
for dynamic histomorphometry. Matrix compositional measure-
ments were performed at both the endocortical and intracortical
remodeling surfaces. Because of limitations in the fluorescent
detector, only tetracycline, calcein, and Alizarin Red were clearly
identifiable. At the endocortical surface, measurements were
made between tetracycline and calcein and calcein and Alizarin.
However, at the intracortical surface, Alizarin was not consis-
tently present; therefore, measurements were only made
between tetracycline and calcein.

The spectral data were collected using a Nicolet Continuμm IR
microscope and a Nicolet 6700 FT-IR (Thermo Fisher Scientific,
Waltham, MA, USA). A total of 256 scans were collected per pixel,
with a spectral range of 650 to 4000 cm−1, a spectral resolution
of 8 cm−1, and aperture size of 15 × 15 μm. Background spectra
were collected using a gold-coated slide. The mineral-to-matrix
and collagen maturity ratios, the carbonate substitution, and
mineral crystallinity were obtained following transformation of
the reflection spectra into equivalent absorbance spectra and
baseline correction according to validated techniques.(22)

Tissue-age-specific spectra were integrated to obtain values
for the mineral-to-matrix and collagen maturity ratios, the car-
bonate substitution, and mineral crystallinity parameters. The
amide I peak was defined by integrating 1600 to 1700 cm−1

(baseline 1300 to 1800 cm−1), phosphate by 980 to 1200 cm−1

(baseline 900 to 1200 cm−1), and carbonate by 1414 to
1424 cm−1 (baseline 1300 to 1800 cm−1). The mineral-to-matrix
ratio was defined as the phosphate to amide I ratio and carbon-
ate substitution by the carbonate to phosphate ratio. Crystallinity
was defined as the ratio of stoichiometric to nonstoichiometric
phosphate (1030–1034 to 1019–1023 cm−1, baseline 900 to
1200 cm−1) and collagen maturity ratio as the ratio of mature
to immature collagen crosslinks (1659–1661 to 1689–1691
cm−1, baseline 1300 to 1800 cm−1).(22)

Tissue-age-specific spectra were collected across the cross-
sectional femoral region and averaged to create a single
matrix compositional variable at each tissue age for each ani-
mal. On average, 15 ROIs were averaged per tissue age, per
animal for each endocortical variable and 10 ROIs were aver-
aged for each intracortical variable. For example, the mineral-
to-matrix ratio measure made within bone of a mean tissue
age of 3 days for each animal was obtained by averaging
15 15 × 15 μm ROIs (approximately 3400 μm2 of total tissue
area) made across the total cortical cross-section. This aver-
aged value was subsequently used in the statistical analyses
described below.
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Fig. 2. Detailed histologic observations at weaning, day 1, and day 7 of recovery at the proximal femoral diaphysis. The cortex of femoral bone specimens
from rats was analyzed over the indicated zone (A). The figure illustrates Masson’s trichrome-stained sections (A–J), subjected to polarized light highlight-
ing the lamella structure and newly formed osteoid (B–J). Intracortical pores were identified in the proximal femoral diaphysis at weaning, and at day 1 and
day 7 of recovery, respectively (B–J). At weaning, intracortical remodeling canals with eroded surfaces and a low degree of bone formation were observed
(C), whereas eroded surfaces were observed at the endocortical regions (B, D). At 1 and 7 days of recovery, eroded and osteoid surfaces were observed;
however, osteoid surfaces predominated the surfaces of the intracortical canals and endocortical regions (E–J). Quiescent surfaces were observed at some
endocortical regions (G) and at some osteons (I). Scale bars: B, E, H = 100 μm, C, D, F, G = 20 μm, I, J = 50 μm. BM = bone marrow
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Fig. 3. Cortical geometric parameters assessed via high-resolution μCT at the distal femoral diaphysis. (A) Cortical, (B) medullary, and (C) total area, (D)
cortical thickness, (E) cortical porosity, (F) tissuemineral density. Data are presented as themean (SD) as a function of recovery (time of sacrifice). Themean
value and SD for the baseline cohort, sacrificed at the end of lactation, are presented as a solid gray line and the shaded box behind the data bars, respec-
tively. Results from the two-way ANOVA are presented in the figure legends. The sample size used for statistical comparison was 8, 7, 8, 8 for vehicle,
sodium fluoride (NaF), zoledronate, and sclerostin antibody (Scl-Ab) within cohort 1 and 7, 8, 8, 8 for cohort 2
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Fracture toughness

After μCT scanning, right femurs were subjected to controlled
notching by first initiating an approximately 0.5-mm-deep notch
on the posterior face of the diaphyseal midshaft. Subsequent
notch sharpening was performed using a custom jig that
ensured flat contact of the initiation notch with a fresh razor
blade. The notch was deepened to approximately 1 mm, roughly
one-third of the cross-sectional thickness, using a razor blade irri-
gated with 1-μm diamond-polishing compound (Metadi; Bueh-
ler). Lading was performed in three-point configuration (MTS
Criterion) in the anterior-posterior direction, with the upper load-
ing pin positioned directly above the machined notch, while the
outer loading supports were set 15 mmapart. Data was collected
using a displacement rate of 0.001 mm/s and collected at 100 Hz.

After loading, the fractured sample was dehydrated via a
graded series of alcohol solutions (70% to 100%). The fracture
surface was affixed to an aluminum block via double-sided
carbon tape and the exposed surface was carbon-coated.
Scanning electron micrographs (Zeiss, Thornwood, NY, USA)
were collected and used to identify the half-crack angle (Θ).
As it was difficult to identify consistent postyield deformation
in the samples, the maximum load method was used and the
fracture toughness was determined using the initiation angle
and the load at failure according to the equation
below (Eq. 1):

Kc = Fb
PmaxSR0
π R40−R4i
� �

ffiffiffiffiffiffiffi
πθc

p
ð1Þ

where Kc is fracture toughness, Fb is a geometric factor for thick-
walled pipes described in detail in ref 23,(23) Pmax is themaximum
load, S is the span length, Ro and Ri are the outer and inner diam-
eter of the cortical diaphysis, and Θc is the half-crack angle.

Statistics

Data from the baseline group, sacrificed at the end of the induc-
tion period, provide reference values, but were not included in
subsequent statistical analyses. Normality was assessed using
the Shapiro–Wilk test. Fracture toughness was found to be non-
parametric and was log-transformed for statistical analysis. Two-
way ANOVA tests were performed to assess the effects of treat-
ment, time to sacrifice, and the treatment-by-time interaction,
on the μCT structural and fracture toughness parameters. When
main effects were significant, between-group differences were
compared using a Tukey’s test.

FTIRI parameters were averaged per tissue age per animal at
both the endocortical and intracortical compartments and trea-
ted as independent observations to allow for more detailed
description of the maturation kinetics by combining measure-
ments made in cohort 1 (average tissue ages of 3 days and
4 days) and cohort 2 (10 days and 18 days). Dynamic histomor-
phometry parameters, including the MAR, mineralizing surface
per bone surface (MS/BS), and the bone formation rate per bone
surface (BFR/BS) were averaged per tissue age per animal and
treated as independent events in subsequent statistical analyses.
FTIRI and dynamic histomorphometry parameters were assessed
using a two-way ANOVA and compared separately for the endo-
cortical and intracortical compartments. If significant treatment
effects or treatment-by-time interactions were noted, post hoc
analysis was performed using a Tukey’s test. A similar statistical
approach has been employed in previous FTIR-based matrix
maturation kinetic studies in which separate cohorts of animals
were used.(24,25)

Results

Histological evaluation demonstrated a wave of remodeling
activities on the intracortical and endocortical bone surfaces
(Fig. 2). At the time of weaning, most of the intracortical and
endocortical surfaces were characterized as eroded, reflecting
an accumulation of remodeling events during the lactation/low
Ca diet phase of the experiment, resulting in the nearly exclusive
presence of resorption and reversal phases.(26) Relatively little
osteoid surface, reflecting bone-forming surfaces, was detected
at weaning. One day postweaning and return to a normal cal-
cium diet, osteoid surfaces clearly became more abundant at
all intracortical and endocortical sites, indicating rapid initiation
of bone formation. Seven days postweaning the transition to for-
mative osteoid surfaces on both intracortical and endocortical
surfaces was even more apparent. At the sites of formation, the

Table 1. Intracortical Mineral Apposition Rate (MAR)

Intracortical MAR = μm/day

Days 1 to 3 Days 8 to 12

Treatment Average SD Average SD

Vehicle 2.92 0.66 2.82 1.41
Sodium fluoride 2.93 0.75 2.77 0.81
Zoledronate 3.02 0.50 2.55 0.17
Sclerostin antibody 3.04 0.38 2.26 0.39

There were no treatment (p = 0.837) or time (p = 0.059) effects, nor was
there a treatment-by-time interaction (p = 0.558).

Table 2. Endocortical Mineral Apposition Rate (MAR)

Endocortical MAR= μm/day

Days 1 to 3 Days 3to 5 Days 8 to 12 Days 12 to 16 Days 16 to 20

Treatment Average SD Average SD Average SD Average SD Average SD

Vehicle 6.45 1.55 5.95 1.21 7.38 0.57 5.51 1.26 4.39 0.98
Sodium fluoride 4.78 a b 0.97 5.71 b 0.86 7.41 2.45 4.95 1.27 4.38 1.15
Zoledronate 5.71 0.72 5.56 b 0.78 7.58 1.28 5.47 0.54 4.30 0.51
Sclerostin antibody 6.24 0.24 8.52 a 2.54 7.50 1.46 4.78 1.04 4.09 1.02

aIndicates significantly different from vehicle measured at the same timepoint.
bIndicates significantly different from sclerostin antibody at the same timepoint.
There was a nearly significant treatment effect (p = 0.05) and significant time (p < 0.001) and treatment-by-time interaction (p = 0.006) terms.
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Fig. 4. Bone matrix maturation assess via Fourier transform infrared imaging in the distal femoral diaphysis. (A) Mineral-to-matrix ratio, (B) mineral crys-
tallinity, (C) carbonate substitution, and (D) collagenmaturity ratio. Measurements weremade in remodeling units within endocortical (left) or intracortical
(right) remodeling units. Data is presented as the mean (SD) as a function of tissue-age. Results from the two-way ANOVA are presented in the figure leg-
ends and between group differences are noted with horizontal bars. The sample size used for statistical comparison was 8, 7, 7, 7 for vehicle, sodium fluo-
ride (NaF), zoledronate, and sclerostin antibody (Scl-Ab) within cohort 1 and 7, 8, 8, 8 for cohort 2
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cement lines, reflecting former eroded surfaces, were more
deeply buried at 7 days compared with 1 day.

Consistent with our previous publications in the lactation/low
Ca model,(1,2) high-resolution μCT analysis at the distal femoral
diaphyseal cortical bone showed relatively low cortical area
and high cortical porosity levels at the end of weaning (Fig. 3).
At days 7 and 28 postweaning, the treatments did not affect cor-
tical area, nor were there any interactions between treatment
and time, but there was a significant increase in cortical area over
time. Similarly, the total area, medullary area, and cortical thick-
ness showed no treatment effects or interactions. The total area
and the cortical thickness had significant time effects, with
increasing values over recovery, whereas there was no time
effect for the medullary area. Animals treated with Scl-Ab had a
significantly greater cortical porosity when compared with other
treatment groups at day 7, which led to significant treatment
and interaction effects. However, this increased porosity was
reduced to the level of the other treatment groups by day 28.
Overall, all treatment groups showed decreasing cortical poros-
ity over recovery, leading to a significant time effect. The cortical
tissue mineral density had a nearly significant treatment effect
(p = 0.052), because of the increased tissue mineral density
noted in the NaF-treated group.

Dynamic histomorphometry was assessed at the same distal
femoral diaphyseal site used for high-resolution μCT analysis.
Intracortical MAR was not affected by treatment nor was there
an interaction between treatment and time (Table 1). There
was, however, a nearly significant time effect attributed to a
reduction in MAR over time in all treatment groups. Similar to
MAR, intracortical MS/BS and BFR/BS were not affected by treat-
ment nor were there treatment-by-time interactions
(Supplementary Tables S1 and S2). There were significant time
effects, with both intracortical MS/BS and BFR/BS decreasing in
all treatment groups during recovery.

Endocortical MAR demonstrated a nearly significant treat-
ment effect, a significant time effect, and a significant
treatment-by-time interaction (Table 2). The earliest measured
MAR of NaF-treated animals (tissue age of 1 to 3 days) was lower
than the other treatments, whereas Scl-Ab-treated animals
showed an increased MAR between 3 to 5 days. The time effects
in the endocortical compartment are attributed to a gradual
increase in MAR up to a tissue age of 8 to 12 days, followed by
a gradual decline in all groups. However, this trend is not consis-
tent across treatments because of the early variation described
above, accounting for the significant interaction term.

Endocortical MS/BS demonstrated a significant time effect
and a significant treatment-by-time interaction. The interaction
term appeared to be driven by suppressed MS/BS in the earliest
time points for the NaF and zoledronate groups (Supplementary
Table S3). The endocortical BFR/BS parameter demonstrated sig-
nificant treatment and time effects, as well as a significant
treatment-by-time interaction because of the suppressed bone
formation rates for the NaF- and zoledronate-treated groups in
the early time points (Supplementary Table S4).

Treatment significantly impacted the mineral-to-matrix ratio
at the endocortical compartment, with NaF in particular showing
an elevated ratio compared with the other treatment groups
(Fig. 4). There was no treatment effect found in the intracortical
mineral-to-matrix ratio. Both endocortical and intracortical com-
partments had significant time effects, with an overall increase in
the mineral-to-matrix ratio with increasing tissue age.

Treatment significantly impacted the mineral crystallinity at
both the endocortical and intracortical compartments (Fig. 4).

In general, NaF treatment increased the mineral crystallinity,
whereas Scl-Ab decreased crystallinity in the older tissue ages.
There were significant time effects for mineral crystallinity mea-
sured at the endocortical surface, with an overall decrease in
crystallinity as a function of tissue age (Fig. 4). Therewere no time
effects in the intracortical crystallinity.

Treatment significantly impacted the carbonate substitution
in both compartments (Fig. 4). In general, all treatments reduced
the carbonate substitution compared with the vehicle, although

Fig. 5. Cortical geometry and mechanical properties of mid-diaphysis of
the femur. (A) Moment of inertia in the anterior–posterior direction and
(B) initiation toughness. Data are presented as the mean (SD) as a func-
tion of recovery (time of sacrifice). The mean value and SD for the base-
line cohort, sacrificed at the end of lactation, are presented as a solid
gray line and the shaded box behind the data bars, respectively. Results
from the two-way ANOVA are presented in the figure legends and
between group differences are noted with horizontal bars. The sample
size used for statistical comparison was 7, 7, 8, 8 for vehicle, sodium fluo-
ride (NaF), zoledronate, and sclerostin antibody (Scl-Ab) within cohort
1 and 6, 7, 8, 8 for cohort 2
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the magnitude of these differences varied with tissue age. The
carbonate substitution at both the endocortical and intracortical
compartments had significant time effects, with each compart-
ment showing increasing carbonate substitution as a function
of tissue age. Finally, there was no significant treatment, time,
or interaction for the collagen maturity ratio (Fig. 4).

At the midshaft, treatment did not affect the moment of iner-
tia (Fig. 5). Similar to the cortical parameters within the distal
diaphysis, there was a significant time effect, with an increase
in the moment of inertia from day 7 to 28. There was no signifi-
cant treatment effect for Kc (Fig. 5). There was a significant time
effect as Kc was consistently lower in bones from animals at
day 28 compared with day 7 regardless of treatment. Additional
femoral midshaft cortical geometry parameters are presented in
Table 3. Of note, is the lack of a time effect in the total area and
the outer radius, indicating that the periosteal surface remains
largely unchanged, while the medullary area and inner radius
decreased from day 7 to day 28 (Table 3).

Discussion

Bone mass is determined by the coordination of osteoclast-
mediated bone resorption and osteoblast-mediated bone for-
mation. The final phase of remodeling is the maturation of the
newly formed bone matrix, which provides bone tissue with its
characteristic strength and stiffness. Bone-targeting treatments
are designed to inhibit bone resorption (anticatabolic) or pro-
mote bone formation (anabolic), and yet little attention is paid
to their effects on matrix maturation. In the current study, we
demonstrate the utility of the lactation/low Ca rat as a preclinical
model to study the effects of bone-targeting treatments on
matrix maturation independent of their effects on bone remo-
deling. By timing the treatment specifically to the recovery
phase, cortical bone formation occurs in both anticatabolic-
(ZA-) and anabolic- (Scl-Ab-) treated animals at nearly the same
mineral apposition rate and amount of forming surface
(MS/BS), resulting in similar bone formation rates. At the matrix
level, we confirm that NaF significantly increases the mineraliza-
tion and crystallinity of newly formed bone, zoledronate
increases themineral crystallinity, and Scl-Ab reduces the crystal-
linity at older tissue ages and shows evidence of accelerated
early mineralization and reduced mineral crystallinity. These
findings support the hypothesis that the treatments would not
affect bone formation, but would affect matrix maturation. Unex-
pectedly, despite the treatments affecting matrix maturation,
fracture toughness was unaffected.

NaF was used clinically for a brief period to treat osteoporosis
because of its positive effects on trabecular bone mass.(27,28)

Despite increased BMD in NaF-treated patients, large clinical tri-
als demonstrated elevated fracture risk in treated patients.(5,6,29)

One consequence of NaF treatment is the incorporation of fluo-
ride ions into the mineral component of bone and teeth, which
increases the mineral crystallinity and mineralization levels.(8)

The current study confirms the elevated mineral crystallinity
and mineralization (mineral-to-matrix ratio); however, there
was no concomitant reduction in fracture toughness. Although
osteoporosis patients treated with NaF had increased fracture
risk, previous work in growing rodent models failed to find an
impact on whole-bone mechanical properties following NaF
treatment.(18,19) In the current study, we measured cortical frac-
ture toughness to assess the material properties of NaF-treated
bones, but this is not a measure of fracture susceptibility.Ta

b
le

3.
C
or
tic
al
G
eo

m
et
ry

M
ea
su
re
d
at

th
e
Fe
m
or
al
M
id
sh
af
t

Ve
hi
cl
e

N
aF

ZA
Sc
l-A

b
Tw

o-
w
ay

A
N
O
VA

Va
ria

bl
e

Ba
se
lin

e
7
da

ys
28

da
ys

7
da

ys
28

-d
ay
s

7
da

ys
28

-d
ay
s

7
da

ys
28

da
ys

Tr
ea
tm

en
t

Ti
m
e

In
te
ra
ct
io
n

Bo
ne

ar
ea

(m
m

2
)

3.
26

(0
.1
6)

3.
51

(0
.3
1)

4.
32

(0
.3
0)

3.
29

(0
.1
9)

4.
40

(0
.2
8)

3.
49

(0
.3
6)

4.
44

(0
.1
9)

3.
50

(0
.2
2)

4.
42

(0
.3
0)

0.
57

6
<
0.
00

1
0.
51

7
To

ta
la
re
a
(m

m
2
)

8.
35

(0
.6
3)

8.
72

(0
.6
1)

8.
61

(0
.5
7)

8.
33

(0
.7
8)

8.
91

(0
.6
3)

8.
40

(0
.6
9)

8.
87

(0
.5
3)

8.
54

(0
.5
5)

8.
70

(0
.5
8)

0.
99

6
0.
08

1
0.
39

9
M
ed

ul
la
ry

ar
ea

(m
m

2
)

5.
09

(0
.5
8)

5.
22

(0
.5
4)

4.
29

(0
.3
9)

5.
03

(0
.6
6)

4.
52

(0
.4
4)

4.
91

(0
.7
8)

4.
43

(0
.5
3)

5.
04

(0
.4
8)

4.
28

(0
.4
3)

0.
90

7
<
0.
00

1
0.
64

4
C
or
tic
al
th
ic
kn

es
s
(m

m
)

0.
33

(0
.0
2)

0.
35

(0
.0
3)

0.
46

(0
.0
2)

0.
33

(0
.0
2)

0.
46

(0
.0
2)

0.
36

(0
.0
5)

0.
47

(0
.0
3)

0.
34

(0
.0
3)

0.
47

(0
.0
2)

0.
46

0
<
0.
00

1
0.
79

0
Po

la
r
m
om

en
t
of

in
er
tia

(m
m

4
)

7.
17

(0
.7
8)

8.
01

(1
.0
6)

9.
16

(1
.2
0)

7.
21

(1
.0
9)

9.
77

1
(1
.2
5)

7.
60

(0
.9
5)

9.
67

(0
.8
3)

7.
81

(0
.8
5)

9.
47

(1
.1
9)

0.
95

8
<
0.
00

1
0.
33

9

C
or
tic
al
tis
su
e
m
in
er
al

de
ns
ity

(m
g/
cm

3
)

12
24

.8
3
(1
6.
06

)
12

24
.6
0
(1
2.
36

)
12

17
.7
7
(2
9.
60

)
12

20
.7
5
(2
2.
98

)
12

36
.7
0
(3
2.
20

)
12

40
.5
5

(2
6.
76

)
12

24
.9
5
(2
2.
32

)
12

20
.8
6
(2
1.
36

)
12

31
.2
0

(1
6.
21

)
0.
58

6
0.
87

2
0.
21

7

C
or
tic
al
po

ro
si
ty

(%
)

0.
5
(0
.0
5)

1.
22

(0
.5
5)

0.
12

(0
.0
4)

1.
60

(0
.7
2)

0.
11

(0
.0
3)

0.
93

(0
.5
0)

0.
19

(0
.1
4)

2.
66

(1
.3
4)

0.
15

(0
.0
2)

0.
00

3
<
0.
00

1
0.
00

2
In
ne

r
ra
di
us

(m
m
)

1.
35

(0
.1
)

1.
37

(0
.0
8)

1.
26

(0
.0
6)

1.
35

(0
.1
0)

1.
28

(0
.0
7)

1.
33

(0
.1
0)

1.
26

(0
.0
8)

1.
34

(0
.0
6)

1.
25

(0
.0
7)

0.
83

0
<
0.
00

1
0.
83

1
O
ut
er

ra
di
us

(m
m
)

1.
77

(0
.0
7)

1.
79

(0
.0
7)

1.
79

(0
.0
7)

1.
75

(0
.0
9)

1.
81

(0
.0
7)

1.
77

(0
.0
7)

1.
81

(0
.0
5)

1.
78

(0
.0
6)

1.
80

(0
.0
6)

0.
98

4
0.
13

5
0.
59

4

D
at
a
is
pr
es
en

te
d
as

th
e
m
ea
ns

(S
D
).

Ve
hi
cl
e
=
Sa
lin

e;
N
aF

=
So

di
um

fl
uo

rid
e;
ZA

=
zo
le
dr
on

at
e;
Sc
i-A

b
=
sc
le
ro
st
in

an
tib

od
y.

JBMR® Plus OSTEOPOROSIS TREATMENTS AFFECT BONE MATRIX MATURATION 9 n



For example, previous studies have confirmed themineral crystal-
linity is more strongly associated with fatigue properties of corti-
cal bone, rather than monotonic properties.(30) It is also possible
that the influence of NaF is felt more strongly at the trabecular-
rich regions, as themost commonly reported sites of skeletal frac-
tures clinically following NaF treatment include the vertebrae and
femoral neck.(5,6,28) Finally, we estimate that less than 25% of the
cortical bone at the mid-diaphysis was formed while NaF was
being administered and the majority of this tissue was at the
endocortical surface, a surface that provides less mechanical
advantage than does the periosteal surface, which appeared to
be quiescent. Although there was intracortical remodeling, the
total area of this activity was relatively small. Future experiments
should be aimed at increasing the amount of newly formed intra-
cortical tissue through multiple reproductive cycles.

Bisphosphonates significantly reduce activation frequency
and as a consequence, inhibit bone formation, thereby reducing
the amount of bone formed.(31–34) Thus, in many animal models
the lack of bone formation makes it difficult to study the effects
of bisphosphonates on bone matrix maturation. In long-term
human subjects studies, there have been consistent reports of
elevated global bone matrix mineralization following bispho-
sphonate treatment(11,35,36); however, because formation is sup-
pressed it is difficult to determine whether this is caused by
bisphosphonate-specific effects on the maturation process or
by continuation of secondary mineralization in the absence of
remodeling.(25) Using the lactation/low Ca model, we can initiate
treatment during the recovery period, thereby specifically con-
centrating on the effects of bisphosphonates on matrix matura-
tion. In the current study, we focused on zoledronate specifically
so that we could compare with the only study in human biopsies
that measured matrix composition in bisphosphonate-treated
and untreated bones of similar tissue ages.(9) Consistent with
the findings from Gamsjaeger and colleagues,(9) we found that
in the lactation/low Ca model, zoledronate treatment caused lit-
tle to no effect on the matrix mineralization, but did increase the
mineral crystallinity in newly formed tissue.

Despite the increased mineral crystallinity in response to zole-
dronate treatment, there was no change in the femoral fracture
toughness. Reduced fracture toughness has been previously
noted in bisphosphonate-treated patients that presented with
atypical or brittle femoral fractures.(37) Assuming a sufficient
amount of cortical bone had formed during treatment, the cur-
rent findings suggest that the previously reported degradation
in fracture toughness is unlikely a consequence of direct alter-
ation to the matrix maturation process. Similar to NaF, it is also
possible that the tissue may be adversely affected in ways that
may not be captured by fracture toughness testing. The matrix
susceptibility to microcracking, for example, can contribute to
fatigue life and therefore fracture risk, but may not be captured
in fracture toughness measurements. Indeed, previous research
has clearly shown that tissues from bisphosphonate-treated pre-
clinical animal studies show an increasedmicrocrack burden and
reduced fatigue life following cyclic loading(38–42) and in human
biopsy studies have reported extensive microcracking in regions
surrounding atypical femoral fractures.(43) Future work is neces-
sary to determine whether the matrix maturation effects noted
in the current study are associated with changes in the fatigue
properties of cortical bone. The current study used a relatively
low dose and only a single bisphosphonate. As stated above,
we focused on zoledronate to allow us to directly compare with
the human biopsy findings by Gamsjaeger and colleagues(9);
however, much of the data relating tomicrodamage and atypical

femoral fractures have been reported following exposure to
alendronate.(35,37–39,42) Therefore, it is possible that the effects
of bisphosphonates on matrix composition and mechanical
properties are not universal and may be dependent on the
molecular structure of the bisphosphonate used.

Scl-Ab is a recently approved anabolic agent for osteoporosis.
Previous in vivo research has demonstrated that treatment with
Scl-Ab can not only increase bone formation rates, but can also
influence skeletal maturation by reducing the mineralization
lag time(13) and accelerate the mineralization kinetics.(14) These
results are consistent with in vitro data that has established that
sclerostin protein is an inhibitor of mineralization.(12,13) In our
previous study in nonhuman primates, we found that Scl-Ab
accelerated mineralization kinetics primarily in the intracortical
remodeling units.(14) In the current study, we found evidence of
a similar effect at both the endocortical and intracortical com-
partments, with mineral-to-matrix ratio in the earliest tissue
age of Scl-Ab-treated animals mildly elevated compared with
vehicle-treated controls.

During lactation and reproduction, the bone adapts to shift
more of the load-bearing capacity to the cortical bone(44) and
the majority of the cortical bone lost is on the endocortical sur-
face, which provides the dam with the optimal mechanical strat-
egy.(45) Therefore, perhaps it is not surprising that the fracture
toughness in the baseline and day-7 groups is comparable to
values reported for unaffected female rat femurs.(23) However,
it is surprising that the fracture toughness was reduced at
28 days comparedwith 7 days. The calculation of fracture tough-
ness (Eq. 1) is partially dependent upon geometric parameters so
that the decrease from 7 to 28 days in Ri with no change in the
other variables would mathematically lead to lower fracture
toughness. Future work is needed to determine whether the
fracture toughness parameter recovers to normal levels follow-
ing a longer period of matrix maturation.

The current study used different cortical regions for the mea-
surement of matrix composition (distal metaphysis) and the
mechanical properties (midshaft). We opted to use the distal
femoral metaphyseal region for the matrix compositional mea-
surements, as our previous studies had confirmed that there
would be sufficient endocortical and intracortical bone remodel-
ing to allow for sufficient sampling of the newly formed tissue.(2)

However, matched anatomical locations would allow for more
direct correlation between bone matrix composition and frac-
ture toughness results. Despite this limitation, the study had sev-
eral important strengths, including a direct comparison of the
effects of zoledronic acid and Scl-Ab, an anticatabolic and an
anabolic agent, on bone matrix maturation, which largely con-
firmed results seen in larger animal models or human studies.
Importantly, the current results also demonstrate the potential
of using the lactation/low Ca model to evaluate cellular level
changes in matrix biology in addition to tissue- and organ-level
changes following treatment with osteoporosis drugs. For
instance, the model could be used for more mechanistic studies,
such as providing an in vivo model to investigate osteoblastic
gene expression changes in response to bisphosphonate treat-
ment that have been reported in various in vitro models.(46)

The current study demonstrates the utility of the lactation/low
Ca model for the study of cortical bone matrix maturation at the
endocortical and intracortical compartments. Despite the differ-
ing mechanisms of the bone-targeting treatments that were
tested (anticatabolic versus anabolic), bone structure was
restored to the same degree and at nearly the same pace during
the recovery period. There were clear treatment effects on the
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bone matrix maturation process, which were largely consistent
with previously reported data, confirming the applicability of
the model. Through the use of the lactation/low Ca model, the
timing of bone formation can be controlled such that new bone
matrix is maturing under the influence of the candidate treat-
ments, allowing for detailed examinations of the effects of matrix
maturation and the resulting material properties.

Disclosure

All authors state that they have no conflicts of interest.

Acknowledgments

Research reported in this publication was supported by the
National institute of Arthritis and Musculoskeletal and Skin Dis-
eases of the National Institutes of Health under Award Number
R21AR065604. The authors would like to acknowledge Dr
Mathew J Meagher, who helped with the FTIRI data collection.
μCT was performed at the Rush University microCT/Histology
Core. The content is solely the responsibility of the authors and
does not necessarily represent the official views of the National
Institutes of Health. Synchrotron Fourier transform infrared
microspectroscopy was collected at the Advanced Light Source
at the Lawrence Berkeley National Laboratory. The Advanced
Light Source is supported by the Director, Office of Science,
Office of Basic Energy Sciences, of the U.S. Department of Energy
under Contract No. DE-AC02-05CH11231.

Authors’ roles: Study Design: RDR, TLA, DRS. Data Collection:
RDR, KA, RD, BMEM, CMA. Data Analysis and Interpretation:
RDR, CMA, TLA, DRS. Drafting Manuscript: RDR, DRS. Revised
Manuscript Content: RDR, KA, BMEM, CMA, TLA, DRS. All authors
approved the final version of the manuscript. DRS takes respon-
sibility for the integrity of the data analysis.

References

1. Ross RD, Meagher MJ, Sumner DR. Calcium restriction during lacta-
tion has minimal effects on post-weaning mineral metabolism and
bone recovery. J Bone Miner Metab. 2019;37(4):648–57.

2. Ross RD, Sumner DR. Bone matrix maturation in a rat model of intra-
cortical bone remodeling. Calcif Tissue Int. 2017;101(2):193–203.

3. Tu KN, Lie JD, Wan CKV, et al. Osteoporosis: a review of treatment
options. P T. 2018;43(2):92–104.

4. Pavone V, Testa G, Giardina SMC, Vescio A, Restivo DA, Sessa G. Phar-
macological therapy of osteoporosis: a systematic current review of
literature. Front Pharmacol. 2017;8:803.

5. Riggs BL, Hodgson SF, O’Fallon WM, et al. Effect of fluoride treatment
on the fracture rate in postmenopausal women with osteoporosis. N
Eng J Med. 1990;322(12):802–9.

6. Schnitzler CM, Wing JR, Gear KA, Robson HJ. Bone fragility of the
peripheral skeleton during fluoride therapy for osteoporosis. Clin
Orthop Relat Res. 1990;261:268–75.

7. Hedlund LR, Gallagher JC. Increased incidence of hip fracture in oste-
oporotic women treated with sodium fluoride. J Bone Miner Res.
1989;4(2):223–5.

8. Fratzl P, Roschger P, Eschberger J, Abendroth B, Klaushofer K. Abnor-
mal bone mineralization after fluoride treatment in osteoporosis: a
small-angle x-ray-scattering study. J Bone Miner Res. 1994;9(10):
1541–9.

9. Gamsjaeger S, Hofstetter B, Zwettler E, et al. Effects of 3 years treat-
ment with once-yearly zoledronic acid on the kinetics of bonematrix
maturation in osteoporotic patients. Osteoporos Int. 2013;24(1):
339–47.

10. Donnelly E, Meredith DS, Nguyen JT, et al. Reduced cortical bone
compositional heterogeneity with bisphosphonate treatment in
postmenopausal women with intertrochanteric and subtrochanteric
fractures. J Bone Miner Res. 2012;27(3):672–8.

11. Boivin G, Meunier PJ. Effects of bisphosphonates on matrix minerali-
zation. J Musculoskelet Neuronal Interact. 2002;2(6):538–43.

12. Atkins GJ, Rowe PS, Lim HP, et al. Sclerostin is a locally acting regula-
tor of late-osteoblast/preosteocyte differentiation and regulates
mineralization through a MEPE-ASARM-dependent mechanism.
J Bone Miner Res. 2011;26(7):1425–36.

13. Li X, Ominsky MS, Warmington KS, et al. Sclerostin antibody treat-
ment increases bone formation, bone mass, and bone strength in a
rat model of postmenopausal osteoporosis. J Bone Miner Res. 2009;
24(4):578–88.

14. Ross RD, Edwards LH, Acerbo AS, et al. Bone matrix quality following
sclerostin antibody treatment. J Bone Miner Res. 2014;29(7):
1597–607.

15. Li YF, Zhou CC, Li JH, et al. The effects of combined human parathy-
roid hormone (1-34) and zoledronic acid treatment on fracture heal-
ing in osteoporotic rats. Osteoporos Int. 2012;23(4):1463–74.

16. Glatt M, Pataki A, Evans GP, Hornby SB, Green JR. Loss of vertebral
bone and mechanical strength in estrogen-deficient rats is pre-
vented by long-term administration of zoledronic acid. Osteoporos
Int. 2004;15(9):707–15.

17. Hornby SB, Evans GP, Hornby SL, Pataki A, Glatt M, Green JR. Long-
term zoledronic acid treatment increases bone structure and
mechanical strength of long bones of ovariectomized adult rats.
Calcif Tissue Int. 2003;72(4):519–27.

18. Fernandes Mda S, Yanai MM, Martins GM, et al. Effects of fluoride in
bone repair: an evaluation of RANKL, OPG and TRAP expression.
Odontology. 2014;102(1):22–30.

19. Einhorn TA, Wakley GK, Linkhart S, et al. Incorporation of sodium fluo-
ride into cortical bone does not impair the mechanical properties of
the appendicular skeleton in rats. Calcif Tissue Int. 1992;51(2):127–31.

20. Andersen TL, Sondergaard TE, Skorzynska KE, et al. A physical mech-
anism for coupling bone resorption and formation in adult human
bone. Am J Pathol. 2009;174(1):239–47 Epub 2008/12/20.

21. Dempster DW, Compston JE, Drezner MK, et al. Standardized nomen-
clature, symbols, and units for bone histomorphometry: a 2012
update of the report of the ASBMRHistomorphometry Nomenclature
Committee. J Bone Miner Res. 2013;28(1):2–17.

22. Acerbo AS, Carr GL, Judex S, Miller LM. Imaging the material proper-
ties of bone specimens using reflection-based infraredmicrospectro-
scopy. Anal Chem. 2012;84(8):3607–13.

23. Ritchie R, Koester K, Ionova S, Yao W, Lane N, Ager J. Measurement of
the toughness of bone: a tutorial with special reference to small ani-
mal studies. Bone. 2008;43(5):798–812.

24. Fuchs RK, Allen MR, Ruppel ME, et al. In situ examination of the time-
course for secondary mineralization of haversian bone using syn-
chrotron Fourier transform infrared microspectroscopy. Matrix Biol.
2008;27(1):34–41.

25. Fuchs RK, Faillace ME, Allen MR, Phipps RJ, Miller LM, Burr DB. Bispho-
sphonates do not alter the rate of secondary mineralization. Bone.
2011;49(4):701–5.

26. Lassen NE, Andersen TL, Ploen GG, et al. Coupling of bone resorption
and formation in real time: new knowledge gained from human
haversian BMUs. J Bone Miner Res. 2017;32(7):1395–405.

27. Kleerekoper M, Balena R. Fluorides and osteoporosis. Annu Rev Nutr.
1991;11:309–24.

28. Kleerekoper M, Mendlovic DB. Sodium fluoride therapy of postmen-
opausal osteoporosis. Endocr Rev. 1993;14(3):312–23.

29. Schnitzler CM, Solomon L. Trabecular stress fractures during fluoride
therapy for osteoporosis. Skeletal Radiol. 1985;14(4):276–9.

30. Yerramshetty JS, Akkus O. The associations between mineral crystal-
linity and the mechanical properties of human cortical bone. Bone.
2008;42(3):476–82.

31. Steiniche T, Hasling C, Charles P, Eriksen EF, Melsen F, Mosekilde L.
The effects of etidronate on trabecular bone remodeling in

JBMR® Plus OSTEOPOROSIS TREATMENTS AFFECT BONE MATRIX MATURATION 11 n



postmenopausal spinal osteoporosis: a randomized study compar-
ing intermittent treatment and an ADFR regime. Bone. 1991;12(3):
155–63.

32. Storm T, Steiniche T, Thamsborg G, Melsen F. Changes in bone histo-
morphometry after long-term treatment with intermittent, cyclic eti-
dronate for postmenopausal osteoporosis. J Bone Miner Res. 1993;8
(2):199–208.

33. Balena R, Toolan BC, Shea M, et al. The effects of 2-year treatment
with the aminobisphosphonate alendronate on bone metabolism,
bone histomorphometry, and bone strength in ovariectomized non-
human primates. J Clin Invest. 1993;92(6):2577–86.

34. Chavassieux PM, Arlot ME, Reda C, Wei L, Yates AJ, Meunier PJ. Histo-
morphometric assessment of the long-term effects of alendronate
on bone quality and remodeling in patients with osteoporosis.
J Clin Invest. 1997;100(6):1475–80.

35. Boivin G, Chavassieux PM, Santora AC, Yates J, Meunier PJ. Alendro-
nate increases bone strength by increasing the mean degree of min-
eralization of bone tissue in osteoporotic women. Bone. 2000;27(5):
687–94.

36. Burr DB, Miller L, Grynpas M, et al. Tissue mineralization is increased
following 1-year treatment with high doses of bisphosphonates in
dogs. Bone. 2003;33(6):960–9.

37. Lloyd AA, Gludovatz B, Riedel C, et al. Atypical fracture with long-term
bisphosphonate therapy is associated with altered cortical composi-
tion and reduced fracture resistance. Proc Natl Acad Sci U S A. 2017;
114(33):8722–7.

38. Mashiba T, Hirano T, Turner CH, Forwood MR, Johnston CC, Burr DB.
Suppressed bone turnover by bisphosphonates increasesmicrodam-
age accumulation and reduces some biomechanical properties in
dog rib [see comments]. J Bone Miner Res. 2000;15(4):613–20.

39. Mashiba T, Turner CH, Hirano T, Forwood MR, Johnston CC, Burr DB.
Effects of suppressed bone turnover by bisphosphonates on micro-
damage accumulation and biomechanical properties in clinically rel-
evant skeletal sites in beagles. Bone. 2001;28(5):524–31.

40. Komatsubara S, Mori S, Mashiba T, et al. Long-term treatment of inca-
dronate disodium accumulates microdamage but improves the tra-
becular bone microarchitecture in dog vertebra. J Bone Miner Res.
2003;18(3):512–20.

41. Komatsubara S, Mori S, Mashiba T, et al. Suppressed bone turnover
by long-term bisphosphonate treatment accumulates microdamage
but maintains intrinsic material properties in cortical bone of dog rib.
J Bone Miner Res. 2004;19(6):999–1005.

42. Allen MR, Iwata K, Phipps R, Burr DB. Alterations in canine vertebral
bone turnover, microdamage accumulation, and biomechanical
properties following 1-year treatment with clinical treatment doses
of risedronate or alendronate. Bone. 2006;39(4):872–9.

43. Iwata K, Mashiba T, Hitora T, Yamagami Y, Yamamoto T. A large
amount of microdamages in the cortical bone around fracture site
in a patient of atypical femoral fracture after long-term bisphospho-
nate therapy. Bone. 2014;64:183–6.

44. de Bakker CM, Altman-Singles AR, Li Y, Tseng W-J, Li C, Liu XS. Adap-
tations in the microarchitecture and load distribution of maternal
cortical and trabecular bone in response to multiple reproductive
cycles in rats. J Bone Miner Res. 2017;32(5):1014–26.

45. Currey JD, Hughes SM. The effects of pregnancy and lactation on
some mechanical properties of the femora of the rat. Calcif Tissue
Res. 1973;11(2):112–23.

46. Maruotti N, Corrado A, Neve A, Cantatore FP. Bisphosphonates:
effects on osteoblast. Eur J Clin Pharmacol. 2012;68(7):1013–8.

JBMR Plus (WOA)n 12 ROSS ET AL.


	Osteoporosis Treatments Affect Bone Matrix Maturation in a Rat Model of Induced Cortical Remodeling
	Introduction
	Methods
	Experimental design
	Fluorochrome labeling
	Histological assessment of intracortical and endocortical bone remodeling
	Bone structure
	Dynamic histomorphometry
	Fourier transform infrared imaging
	Fracture toughness
	Statistics

	Results
	Discussion
	Disclosure
	Acknowledgments
	References


