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A B S T R A C T   

As both anabolic and anti-catabolic osteoporosis drugs affect bone formation and resorption processes, they may 
contribute to bone’s overall mechanical behavior by altering the quality of the bone matrix. We used an 
ovariectomized rat model and a novel fracture mechanics approach to investigate whether treatment with an 
anabolic (parathyroid hormone) or anti-catabolic (alendronate) osteoporosis drugs will alter the organic and 
mineral matrix components and consequently cortical bone fracture toughness. Ovariectomized (at 5 months 
age) rats were treated with either parathyroid hormone or alendronate at low and high doses for 6 months (age 
6–12 months). Specifically, treatment groups included untreated ovariectomized controls (n = 9), high-dose 
alendronate (n = 10), low-dose alendronate (n = 9), high-dose parathyroid hormone (n = 10), and low-dose 
parathyroid hormone (n = 9). After euthanasia, cortical microbeams from the lateral quadrant were extrac-
ted, notched, and tested in 3-point bending to measure fracture toughness. Portions of the bone were used to 
measure changes in the 1) organic matrix through quantification of advanced glycation end-products (AGEs) and 
non-collagenous proteins, and 2) mineral matrix through assessment of mineral crystallinity. Compared to the 
ovariectomized group, rats treated with high doses of parathyroid hormone and alendronate had significantly 
increased cortical bone fracture toughness, which corresponded primarily to increased non-collagenous proteins 
while there was no change in AGEs. Additionally, low-dose PTH treatment increased matrix crystallinity and 
decreased AGE levels. In summary, ovariectomized rats treated with pharmaceutical drugs had increased non- 
collagenous matrix proteins and improved fracture toughness compared to controls. Further investigation is 
required for different doses and longer treatment periods.   

1. Introduction 

Bone’s fracture resistance is influenced by properties related to bone 
quantity (e.g., mass) and bone quality (e.g., geometry, tissue matrix) 
(Boskey and Imbert, 2017). Although the effects of bone mass and ge-
ometry on skeletal mechanics and fragility have been investigated 
extensively (Karim et al., 2013a, 2013b), there is far less information 
available on the effects of the tissue matrix on bone’s mechanical 
properties, particularly in cortical bone. Gaining insight into this rela-
tionship is important because the bone matrix can undergo substantial 
changes with aging or with the onset of clinical conditions such as post- 
menopausal osteoporosis (Sroga and Vashishth, 2012; Osterhoff et al., 
2016). 

Post-menopausal osteoporosis has commonly been simulated by an 
ovariectomized (OVX) animal model, in particular the OVX rat 
(Thompson et al., 1995). Osteoporosis can be treated by pharmaceutical 
drugs including bisphosphonates and parathyroid hormone, both of 
which can alter bone’s matrix composition and have direct conse-
quences on bone’s mechanical behavior (Jerome et al., 2001; Allen and 
Burr, 2011). Bisphosphonates, such as alendronate (ALN), are a group of 
anti-remodeling drugs that impair the action of osteoclasts on the bone 
surface which suppress bone resorption (Masarachia et al., 1996; Boivin 
and Meunier, 2002). This class of drugs induces morphological changes 
in osteoclasts and forces early cell apoptosis to prevent further bone loss 
(Masarachia et al., 1996). The decreased resorption may consequently 
increase overall bone mass (Boivin and Meunier, 2002) and decrease 
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fracture risk (Cummings et al., 1998; Black et al., 2000; Axelsson et al., 
2017). In contrast, administration of intermittent parathyroid hormone 
(PTH), an anabolic hormone treatment, stimulates osteoblasts and 
subsequently increases bone formation, outweighing the resorption 
process (Girotra et al., 2006; Gesty-Palmer et al., 2009). As a results, 
PTH treatment can increase bone mass and decrease fracture risk in 
patients (Neer et al., 2001). 

Both ALN and PTH directly affect bone’s resorptive and formative 
activities, and consequently, bone’s matrix components. The dominant 
constituents of bone’s matrix are inorganic hydroxyapatite mineral and 
organic proteins including type I collagen and non-collagenous proteins 
(e.g., osteocalcin, osteopontin) (Burr and Allen, 2013). Type I collagen 
can undergo numerous biochemical modifications including non- 
enzymatic glycation, which is a spontaneous reaction involving extra-
cellular sugars and amino acid residues that result in the formation of 
chemical adducts and crosslinks known as advanced glycation end- 
products (AGEs). The accumulation of AGEs may correlate with a 
deterioration in bone’s overall mechanical properties (Vashishth et al., 
2001, Hernandez et al., 2005, Tang et al., 2007, Garnero, 2012, Karim 
and Vashishth, 2012, Nyman and Makowski, 2012, Karim et al., 2013a, 
2013b). 

A number of studies indicate that AGE accumulation is associated 
with reduced bone formation (Yang et al., 2016), resorption (Valcourt 
et al., 2007), turnover (Allen et al., 2008), as well as deteriorated bone 
stiffness, toughness, other post-yield mechanical properties, and 
indentation properties (Wang et al., 2002; Nyman et al., 2006; Nyman 
et al., 2007; Viguet-Carrin et al., 2008; Tang et al., 2009; Poundarik 
et al., 2015; Karim et al., 2018; Hunt et al., 2019; Merlo et al., 2020). 
Additionally, the non-collagenous proteins osteopontin and osteocalcin 
can affect bone’s mechanical behavior. These proteins are involved in 
mineralization (Glowacki et al., 1991; Goldstein et al., 1993; Ducy et al., 
1996; Fantner et al., 2005), bone resorptive and formative activities 
(Boskey et al., 1998, Kavukcuoglu et al., 2009, Sroga et al., 2011a, 
2011b, Sroga and Vashishth, 2012), and together act to link the organic- 
inorganic interface in bone and hold mineralized collagen fibers 
together thereby enhancing bone toughness (Hara et al., 2007; Pound-
arik et al., 2012; Bailey et al., 2017; Nikel et al., 2018; Poundarik et al., 
2018). 

The goal of this work was to understand how alterations in bone’s 
organic matrix impact bone fracture toughness, a measure of bone’s 
inherent ability to resist crack initiation and propagation (Vashishth, 
2004; Ural and Vashishth, 2014). To accomplish this goal, we used an 
OVX rat model to stimulate bone resorption paired with different doses 
of ALN and PTH treatment to manipulate bone tissue quality across a 
wide spectrum. Specifically, using high doses of these drugs that are 
beyond clinically-relevant doses allowed us to investigate how alter-
ations in bone’s organic and inorganic matrix components may impact 
bone fracture toughness. Previous data demonstrated that administra-
tion of ALN and PTH in an OVX model or in osteoporosis can alter 1) 
bone’s organic matrix through changes in type I collagen by the accu-
mulation of AGEs (Saito et al., 2011; Kimura et al., 2017), 2) non- 
collagenous proteins such as osteocalcin and osteopontin (Kurland 
et al., 2000; Chiang et al., 2011; Shao et al., 2017), and/or 3) bone’s 
mineral (Chesnut et al., 1995; Schwarz et al., 2012). We hypothesized 
that both ALN and PTH treatments will improve bone fracture toughness 
through alterations in bone matrix quality including both the mineral 
and organic matrix. 

2. Methods 

2.1. Experimental drug treatment 

As the effects of ovariectomy on bone properties, including fracture 
toughness, are already well established in the literature (Camargos et al., 
2015; Yu et al., 2015; Massie et al., 2021), we focused on comparing 
drug-treated OVX rats with non-treated OVX controls. The OVX 

procedure was performed by Charles River Laboratories at 5 months of 
age for all groups and drug treatment administration began after accli-
matization at 6 months of age by subcutaneous injection. Selection of 
drug treatment doses is supported by previous reports (Peter and Rodan, 
1999; Vahle et al., 2002). Female Sprague-Dawley rats (n = 47) were 
divided by body weight into untreated (no injection) OVX controls 
(n = 9), high-dose alendronate (H-ALN, n = 10, 2 mg/kg, 2×/week), 
low-dose alendronate (L-ALN, n = 9, 10 μg/kg, 2×/week), high-dose 
PTH (H-PTH, n = 10, 75 μg/kg, 5×/week), and low-dose PTH (L-PTH, 
n = 9, 0.3 μg/kg, 5×/week) groups. Rats were given access to a standard 
rodent chow and water ad libitum, were subjected to a 12:12 hour light: 
dark cycle, and were housed in 2 rats/cage in the same room. Rats were 
sacrificed at 12 months of age. Following sacrifice via isoflurane inha-
lation and cervical dislocation, femurs were dissected for use in this 
study and stored in saline at − 20 ◦C until use. All animal procedures 
were approved by the Stony Brook University’s Institutional Animal 
Care and Use Committee. 

2.2. Assessment of specimen and crack geometry 

Cortical microbeams (~0.70 mm × 11.3 mm × 0.85 mm) were cut 
from the lateral quadrant of rat femur diaphyses using a low-speed 
diamond wafer blade (South Bay Technology, Inc.) based on protocols 
we used previously (Tommasini et al., 2012). Uneven surfaces were 
polished using fine 1500 grit sandpaper. Microbeams were notched on 
the periosteal side to approximately 20% of the width, following ASTM 
(2009, 2011) standards as closely as possible. Notches were made using 
a diamond wafer blade and then manually sharpened with a scalpel 
blade. Microcomputed tomography (μCT) was used to measure bone 
geometry at 17.5 μm voxel size prior to testing as done previously 
(Scanco Medical AG, Brüttisellen, Switzerland) (Tommasini et al., 2012; 
Wallace et al., 2012). 3D rendered images of the area containing the 
bone notch were visualized and rotated directly in the microCT image 
viewer. Once the notch was identified, 2D images containing a bone slice 
showing full dimensions of the beams cross-section and showing the 
largest crack size were used to calculate crack dimensions. The notch 
depth was calculated as the difference in length from the edge of the 
microbeam to the notch, measured in the center of the microbeam. 
Specimen thickness, specimen width, and length were also measured 
from μCT images. 

2.3. Measurement of mechanical properties 

As measurement of rodent bone’s material properties are difficult to 
evaluate due to size constraints, we used a fracture mechanics approach 
for small animal models to measure cortical bone toughness. Micro-
beams were tested in 3-point bending tests in anatomically correct 
configuration with the notched side placed in tension (Fig. 1) to deter-
mine critical stress intensity factor, KIC or fracture toughness at crack 
initiation. The span length was fixed at 3.2 mm. Testing was conducted 
under constant hydration with saline (Ritchie et al., 2008, 2010) using a 
micromechanical testing system (Electroforce 3200, TA Instruments, 
New Castle, DE). Bending tests were performed at a loading rate of 
0.001 mm/s until failure occurred. Force-deformation curves, specimen 
geometry, and notch dimensions were used to calculate fracture 
toughness at crack initiation using Eqs. (1) and (2) as described by ASTM 
(2009, 2011) standards: 
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with 5% lower slope than the elastic modulus was plotted on the load- 
deformation curve, and its intersection with the curve was used to 
determine the load at initiation); S = span length; B = specimen thick-
ness (measured along the side of the created notch); W = specimen 
width (measured along the side that is perpendicular to the created 

notch); a = crack size; and f
(

a
W

)
=geometrical shape factor. 

2.4. Protein extraction 

A small portion of cortical bone beam (7.45 mg ± 4.31 mg) was 
collected for protein extraction. Each specimen was first washed in cold 
nanopure water until free of blood. Specimens were defatted by three 
15-minute washes in 500 μL of cold isopropyl ether under constant 
agitation. Liquid nitrogen was placed into a mortar and pestle unit and 
used to crush each specimen into a fine bone powder. The bone powders 
were then placed into microcentrifuge tubes. 

Protein extraction and dialysis were conducted based on an estab-
lished protocol (Sroga et al., 2011a, 2011b, Sroga and Vashishth, 2011). 
Briefly, 0.08 mL/mg of an extraction buffer (0.05 M tetrasodium EDTA, 
4 M guanidine chloride, 30 mM Tris-HCL, 1 mg/mL BSA, 1 mL/L pro-
tease inhibitor, pH 7.4) was added to each microcentrifuge tube con-
taining bone powders. A dialysis membrane (Spectrum Laboratories) 
was sealed between the tube and its lid (with hole), and the tubes were 
inverted into a beaker of extraction buffer. Protein extraction was con-
ducted at 4 ◦C for 48 h. Specimen tubes were then transferred to beakers 
containing 1× PBS with protease inhibitor. Dialysis was conducted at 
4 ◦C for 120 h. The 1× PBS solution was changed 3 times daily for the 
first 48 h, then once daily for the following 72 h. The extracts were 
centrifuged at 13,000 rpm for 30 min at 4 ◦C. 

A portion of the supernatant was saved in − 80 ◦C for enzyme-linked 
immunosorbent assays (ELISA). Another portion of the supernatant was 
vortexed and lyophilized for hydrolysis for AGEs measurement. Hy-
drolysis was conducted at 110 ◦C for 20 h (10 μL of 6 N HCL per 1 mg 
bone). 

2.5. Quantification of non-collagenous proteins and advanced glycation 
end-products 

Protein extracts were diluted 9370× and 1875× for measurement of 
osteopontin and osteocalcin, respectively, and proteins were quantified 
according to manufacturer’s protocols included with rat ELISA kits 
(Osteopontin: IBL-America, cat# 27360, Osteocalcin: Biomedical 

Technologies, cat# BT-490). A pre-assay with several dilutions of 2 
randomly selected samples was performed to determine the dilution 
factors. 

To measure total fluorescent AGEs, quinine standards and 200×
diluted specimen hydrolysates were measured for fluorescence at 360/ 
460 nm excitation/emission with a Synergy HT microplate reader 
(BioTek, Winooski, VT). A chloramine-T solution was added to hy-
droxyproline standards and specimen hydrolysates to oxidize hydroxy-
proline. A perchloric acid solution was then added to remove residual 
chloramine-T. Finally, a p-dimethylaminobenzaldehyde solution was 
added and incubated at 60 ◦C. Absorbance was measured on cooled 
specimens at 570 nm using the same microplate reader used in previous 
steps. Collagen content was calculated from hydroxyproline quantity for 
each specimen (Gross, 1958). Quinine fluorescence was then normalized 
to collagen content to measure total fluorescent AGEs. 

2.6. Reflection-based Fourier Transform Infrared Microspectroscopy 

Cortical bone from the lateral quadrant of the contralateral femur of 
each rat was analyzed using reflection-based Fourier Transform Infrared 
Microspectroscopy (FTIRM). Cortical bones were dehydrated in a series 
of ethanol washes and embedded in methyl methacrylate (PMMA) 
blocks. Hardened blocks were polished (Buehler, Lake Bluff, IL) with 
1200 grit carbide paper and a cloth impregnated with diamond sus-
pensions (particle size of 3, 1, 0.25, and 0.05 um). Polishing on each 
sample was done for 3 min at each step. FTIRM was then conducted 
using a Nicolet Magna 860 Step-Scan FTIR spectrometer and Continuum 
IR microscope (Thermo Fisher Scientific, Waltham, MA). Data were 
collected in reflection mode (15 μm beam size, 4/cm resolution, 256 
scans/pixel) from the surface of polished cortical bone. Spectra collected 
were analyzed for the ratio of non-reducible to reducible collagen 
crosslinks (peak height ratio 1660/1690 cm− 1, linear baseline 
1800 cm− 1) and mineral crystallinity (peak height ratio 1020/ 
1030 cm− 1, linear baseline 930–1150 cm− 1) using peak height ratios 
according to published protocols (Fig. 2) (Miller et al., 2007; Acerbo 
et al., 2014). 

2.7. Statistical analyses 

Shapiro-Wilk tests for normality were conducted for all variables. 
Fracture toughness, osteopontin, total fluorescent AGEs, and collagen 
maturity data were compared for 1) OVX vs ALN-treated groups and for 
2) OVX vs PTH-treated groups with two separate One-Way ANOVA with 
Tukey post-hoc tests, while osteocalcin and mineral crystallinity were 
compared with two separate non-parametric Kruskal-Wallis with Dunn’s 
post-hoc tests. Multiple regression analyses to predict fracture toughness 
with non-collagenous proteins, total fluorescent AGEs, collagen matu-
rity, and crystallinity were conducted for OVX vs ALN-treated groups 
and for OVX vs PTH-treated groups. Significance was determined based 
on α = 0.05, and any p-values between 0.05 and 0.1 were considered as 
borderline significant. All statistical analyses were completed using 
Stata/IC 13.1 (StataCorp) and SPSS 26 (IBM). 

3. Results 

3.1. Alendronate treatment 

Fracture toughness of the H-ALN group was greater than that of the 
OVX (+82.5%, p ≤ 0.01) and L-ALN (+82.5%, p ≤ 0.01) groups 
(Table 1, Fig. 3A). No differences were observed in AGE content between 
OVX and ALN-treated rats (Table 1, Fig. 3B). Osteocalcin was signifi-
cantly greater in H-ALN rats compared to OVX rats (+32.1%, p ≤ 0.05) 
and in H-ALN rats compared to L-ALN rats (+39.8%, p ≤ 0.05) (Table 1, 
Fig. 3C). Osteopontin was greater in H-ALN rats compared to OVX rats 
(+133.9%, p ≤ 0.01) and compared to L-ALN rats (+74.7%, p ≤ 0.05) 
(Table 1, Fig. 3D). No differences were observed in mineral crystallinity 

Fig. 1. Schematic diagram of the 3-point bending configuration for fracture 
toughness tests. 

L. Karim et al.                                                                                                                                                                                                                                   



Bone Reports 15 (2021) 101137

4

or collagen maturity between OVX and ALN-treated groups (Table 1, 
Fig. 3E–F). 

Multiple regression analyses indicated that in OVX and ALN-treated 
groups, 28% of the variance in fracture toughness was explained by non- 
collagenous proteins, total fluorescent AGEs, collagen maturity, and 
crystallinity as independent variables (full model: unadjusted r2 = 0.56, 
adjusted r2 = 0.28). Although it appeared that osteopontin alone was the 
significant predictor of fracture toughness (p ≤ 0.05), the full multiple 
regression model itself was not significant (p = 0.18, Table 2). 

3.2. Parathyroid hormone treatment 

Fracture toughness for the H-PTH group was greater than that of the 
OVX (+60.2%, p ≤ 0.05) and L-PTH (+49.6%, p ≤ 0.05) groups 
(Table 1, Fig. 3A). Total fluorescent AGEs were significantly less in L- 
PTH rats compared to OVX (− 34.2%, p ≤ 0.01) and H-PTH rats 
(− 42.4%, p ≤ 0.01) (Table 1, Fig. 3B). There was no difference in 
osteocalcin between PTH groups and OVX (Table 1, Fig. 3C). Differences 

in OPN between groups were borderline significant with OPN being 
greater in the H-PTH (+176.6%, p = 0.071) and L-PTH (+176.2%, 
p = 0.077) groups compared to the OVX group (Table 1, Fig. 3D). There 
was higher mineral crystallinity in both the L-PTH group (+7.0%, 
p ≤ 0.001) and H-PTH group compared to OVX (+4.1%, p ≤ 0.05) 
(Table 1, Fig. 3E). The 4.6% decrease in collagen maturity in the L-PTH 
group compared to the OVX group was borderline significant (p = 0.051, 
Table 1, Fig. 3F). 

In OVX and PTH-treated groups, fracture toughness was predicted by 
the independent variables (full model: unadjusted r2 = 0.60, adjusted 
r2 = 0.41, p ≤ 0.05, Table 2) with osteocalcin (p ≤ 0.05), osteopontin 
(p = 0.059), collagen maturity (p ≤ 0.05), and crystallinity (p ≤ 0.05) all 
being predictors of fracture toughness. Total fluorescent AGEs did not 
correlate with fracture toughness in the PTH treated group. 

4. Discussion 

We investigated the effect of bone matrix changes on fracture 
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Fig. 2. Reflection-based Fourier Transform Infrared Microspectroscopy. (A) Bone blocks embedded in PMMA (green) were analyzed for (B) ratio of non-reducible to 
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Table 1 
Average and standard deviation of each group for fracture toughness, non-collagenous protein content, total fluorescent AGEs, collagen maturity, and crystallinity.  

Group Fracture toughness (kPa√m) Osteocalcin (pg/μg) Osteopontin (pg/μg) AGEs (ng quinine/mg collagen) Collagen maturity Crystallinity 

OVX 0.90 ± 0.41 0.54 ± 0.20 0.03 ± 0.02 845.3 ± 136.1 1.95 ± 0.10 1.28 ± 0.02 
H-ALN 1.64 ± 0.41◊,* 0.72 ± 0.07◊,* 0.06 ± 0.02◊,* 890.7 ± 163.4 1.91 ± 0.04 1.30 ± 0.06 
L-ALN 0.90 ± 0.57 0.51 ± 0.21 0.04 ± 0.03 799.7 ± 131.1 1.94 ± 0.11 1.29 ± 0.05 
H-PTH 1.44 ± 0.48◊,* 0.62 ± 0.24 0.07 ± 0.05 791.5 ± 221.7* 1.92 ± 0.05 1.31 ± 0.03◊ 

L-PTH 0.96 ± 0.53 0.57 ± 0.28 0.07 ± 0.07 555.8 ± 123.7◊ 1.86 ± 0.09 1.37 ± 0.08◊ 

Significant differences between groups are reported by One-Way ANOVA with Tukey post-hoc tests for fracture toughness, osteopontin, AGEs, and collagen maturity, 
and by Kruskal-Wallis with Dunn’s post-hoc tests for osteocalcin and crystallinity. 

◊ p ≤ 0.05 compared to OVX group. 
* p ≤ 0.05 compared to low dose drug group. 
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toughness properties in OVX rats induced by high and low doses of ALN 
and PTH treatments. Although the measurement of bone material 
properties in small rodent bones is challenging, we utilized a novel 
fracture mechanics approach that allowed the measurement of fracture 
toughness at crack initiation in rat cortical microbeams. In support of 
our hypothesis, ALN treatment did improve fracture toughness and this 
improvement was due to increased osteopontin content without any 
changes in AGEs or mineral crystallinity. Also supporting our hypothe-
sis, PTH treatment improved fracture toughness and this improvement 
was due to increased mineral crystallinity, collagen maturity, and 
osteocalcin and osteopontin. However, although AGE content was 
significantly reduced in PTH-treated groups, reduced AGEs were not a 
major contributing factor according to our multiple regression analysis. 
Overall, changes in bone matrix quality components helped to explain 
the variance in fracture toughness with only osteopontin having a sig-
nificant effect with ALN treatment, and non-collagenous proteins, 
collagen maturity, and mineral crystallinity all having a significant ef-
fect with PTH treatment. 

The increased non-collagenous protein content in ALN-treated rats 
may be due to changes in bone cell activity induced by bisphosphonate 
treatment (Sahni et al., 1993; Russell and Rogers, 1999). Bisphospho-
nates adsorb to bone mineral at resorption sites, making them easily 
accessible to osteoclasts, which then internalize them via endocytosis. 
Hence, bisphosphonates disturb osteoclast cell metabolism and decrease 
survival, leading to inhibition of osteoclast proliferation and activity 
(Russell and Rogers, 1999; Komatsu et al., 2013). Although there are 
reports of ALN having no positive effect on osteoblast proliferation and 
activity (García-Moreno et al., 1998; Iwata et al., 2006), a number of 
studies illustrate that ALN stimulates osteoblastic differentiation, ac-
tivity, and/or increases the average maturity of active osteoblasts in 
bone (Sahni et al., 1993; Altundal and Gursoy, 2005; Xiong et al., 2009; 
Komatsu et al., 2013; Ma et al., 2018; Xu et al., 2019). Mature osteo-
blasts demonstrate upregulated osteopontin and osteocalcin production 
in comparison to immature osteoblasts (Bellows et al., 1999). Inhibited 
bone resorption combined with unchanged or increased bone formation 
results in the bone formation rate surpassing the resorption rate. 
Consequently, there is more net osteoblast activity where osteoblasts 
produce both osteocalcin (Chenu et al., 1994; Barille et al., 1996) and 

osteopontin (Reinholt et al., 1990), further contributing to increased 
non-collagenous protein content with ALN treatment. Our study was 
limited in that rats do not undergo intracortical remodeling and we did 
not directly assess the effects of ALN on bone cell response or conduct 
histomorphometric analysis that could indicate the amount of bone 
resorbed or newly formed, which should be done in our future work. 

ALN treatment increased fracture toughness, which represents the 
inherent resistance of a material to initiate the formation of a crack. The 
change in toughness found here may result from the increased produc-
tion of osteocalcin and osteopontin due to ALN treatment. In support, we 
conducted a multiple regression analysis to identify the predictors of 
fracture toughness when an OVX model was treated with ALN. This 
analysis showed that osteopontin was the primary predictor of fracture 
toughness rather than AGE content, osteocalcin, mineral crystallinity, 
and collagen maturity as other possible factors. Hence, it seems that ALN 
treatment preserves osteopontin in the matrix and/or promotes secre-
tion of more osteopontin via stimulation of osteoblasts as described 
above. Non-collagenous matrix proteins play an important role in bone 
fracture toughness by a collective interaction between osteocalcin and 
osteopontin that results in dilatational band formation and a consequent 
crack initiation (Duvall et al., 2007; Thurner et al., 2010; Poundarik 
et al., 2012; Rodrigues et al., 2012; Poundarik et al., 2015). However, we 
found that only administration of a high dose of ALN, beyond clinical 
dosage, increased the fracture toughness of bone whereas fracture 
toughness of L-ALN treated rats was not significantly different from OVX 
controls. It is possible that the 6-month treatment at the lower, more 
clinically relevant dose of ALN, was not delivered for a long enough 
duration to measure the long-term effects of increased production of 
non-collagenous proteins and subsequent changes in toughness as was 
observed in the higher dose. Further work with low-dose ALN for longer 
treatment duration would clarify these results. 

Intermittent delivery of PTH can stimulate bone growth through 
increased differentiation of osteoblasts or an anti-apoptotic effect on 
osteoblasts (Jilka et al., 1999; Datta and Abou-Samra, 2009; Osagie- 
Clouard et al., 2017), resulting in increased bone formation (Aslan et al., 
2012). In support, we observed a trend for increased osteopontin in PTH- 
treated groups. Osteopontin is produced by osteoblasts (Reinholt et al., 
1990), which can regulate mineral composition in the bone matrix 
(Poundarik et al., 2018), and plays an important role in fracture 
toughness through its interactions with osteocalcin (Duvall et al., 2007, 
Thurner et al., 2010, Poundarik et al., 2012, Rodrigues et al., 2012, 
Poundarik et al., 2015). Hence, because PTH stimulates osteoblasts, 
treatment with PTH will have a downstream effect of producing more 
osteopontin. As a result, bone will have increased ability to dissipate 
energy under applied loads to prevent crack production with a conse-
quent improvement in bone fracture toughness (Hara et al., 2007; 
Poundarik et al., 2012; Bailey et al., 2017; Nikel et al., 2018; Poundarik 
et al., 2018). This assertion also supports the report of an increase in 
small pores in cortical bone in PTH-treated rats (Tommasini et al., 
2012), where small pores can more effectively absorb shear forces than 
large pores (Cheng et al., 2009) and consequently prevent or reduce 
crack production (Herman et al., 2010). 

PTH treatment increased fracture toughness, but only in the high 
PTH group. Given that PTH can increase bone mass and decrease frac-
ture risk (Neer et al., 2001), this increase in bone fracture toughness is 
not surprising. The observed increase in non-collagenous protein con-
tent likely played a role for the increased fracture toughness in this 
group. In support, multiple regression analysis conducted to identify 
predictors of fracture toughness when starting in an OVX condition and 
then being treated with PTH showed that non-collagenous proteins, 
collagen maturity, and crystallinity were predictors of fracture 
toughness. 

Although there were no differences in collagen components (i.e., 
AGEs), we observed that AGEs were reduced in L-PTH group compared 
to H-PTH or OVX groups, with no change in fracture toughness. More-
over, although not statistically significant, there tended to be lower 

Table 2 
Multiple regression models to predict fracture toughness (kPa√m) with non- 
collagenous proteins, total fluorescent AGEs, collagen maturity, and crystal-
linity as independent variables.  

OVX and ALN groups 

Multiple regression model: r = 0.75, r2 = 0.56, adjusted r2 = 0.28, p-value = 0.18  

Unstandardized 
coefficient 

Standardized 
coefficient 

AGEs (ng quinine/mg 
collagen) 

0.001 0.373 

Osteocalcin (pg/μg) − 1027.4 − 0.219 
Osteopontin (pg/μg) 14,636.1* 0.780* 
Collagen maturity 3.2 0.366 
Crystallinity 7.0 0.485   

OVX and PTH groups 

Multiple regression model: r = 0.77, r2 = 0.60, adjusted r2 = 0.41, p-value ≤0.05  

Unstandardized 
coefficient 

Standardized 
coefficient 

AGEs (ng quinine/mg 
collagen) 

<0.001 0.035 

Osteocalcin (pg/μg) 1682.4* 0.530* 
Osteopontin (pg/μg) 7145.6˟ 0.593˟ 

Collagen maturity 8.8* 1.196* 
Crystallinity 7.1* 0.776*  

* p ≤ 0.05. 
˟ 0.05 < p ≤ 0.06. 

L. Karim et al.                                                                                                                                                                                                                                   



Bone Reports 15 (2021) 101137

6

collagen maturity in the L-PTH group compared to OVX controls. This 
suggests that 1) the L-PTH treated bone contained less mature collagen 
and consequently resulted in less AGE formation, and 2) AGEs do not 
significantly impact fracture toughness in an OVX rat model, which is 
supported by our multiple regression analyses (Table 2). Additionally, L- 
PTH rats had increased mineral crystallinity, which further supports the 
notion that PTH increases bone quantity in cortical bone, albeit through 
changes in mineral apposition (Sato et al., 2002). Increased mineral 
crystallinity as well as the decreased quantity of glycation-induced 
crosslinks found here would typically suggest improved bone 

toughness (Vashishth et al., 2001; Vashishth, 2005; Tang et al., 2007). 
Additional work is needed with low dose PTH at longer durations of 
treatment to help explain these findings. 

Our fracture toughness analysis provided information on how matrix 
level changes affect the resistance of bone as a material while elimi-
nating the effect of idealized assumptions used in whole bone fracture 
toughness tests (i.e., assuming femurs as idealized hollow cylinders). 
Nevertheless, this method has some inherent limitations that should be 
considered in the interpretation of the results. For example, our method 
measured fracture toughness or resistance of bone against the initiation 

Fig. 3. (A) Fracture toughness, (B) AGEs, (C) osteocalcin, (D) osteopontin, (E) crystallinity, and (F) collagen maturity for OVX rats treated with alendronate and 
parathyroid hormone. Graphs depict individual data points (squares) and the mean (circles) ± standard deviation for each group. Significant differences between 
groups (p ≤ 0.05) are indicated with an asterisk. 
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of a crack. Because bone is known to crack and not fracture, based on 
this data we cannot directly predict whether higher resistance to crack 
initiation will increase or decrease bone fragility. Previous studies on 
bone have demonstrated that the tendency of bone to form micro-
damage that does not coalesce into a fracture enhances toughness, while 
increased stress to initiate a crack that progresses into a fracture without 
collateral damage is the hallmark of brittle bone (Vashishth et al., 1997; 
Nalla et al., 2003). 

In addition to the limitations stated above, further work is needed to 
assess other possibilities through which ALN or PTH treatment could 
impact fracture toughness including the impact of microarchitecture, 
degree of mineralization, other non-collagenous proteins, and specific 
AGEs. We previously reported in the same rats used in this study, that 
the lateral quadrant of femoral diaphyses had lower lacunae per tissue 
volume in ALN-treated rats compared to untreated OVX controls and 
comparatively more small pores in the tissue in PTH-treated rats 
(Tommasini et al., 2012). We also reported that ALN treatment but not 
PTH treatment mitigated the increased collagen alignment and reduced 
mineral crystal lengths due to OVX in new periosteal bone, while both 
treatments reduced mineral crystal width in existing intracortical bone 
(Acerbo et al., 2014). However, further work is needed to understand the 
direct effect of these factors on fracture toughness. 

Despite these limitations, our results are largely consistent with 
previous clinical trials and prospective studies on post-menopausal 
women with bisphosphonates that show a reduction in fracture risk 
with an associated increase in bone mineral density (Bone et al., 2000; 
Reginster et al., 2000). While we found no change in glycation content 
under bisphosphonate treatment, work on other animal models showed 
that bisphosphonates increased glycation (Saito et al., 2008; Tang et al., 
2009). AGEs accumulate in bone over time and previous studies used 
longer treatment duration (2–3 years) and a different animal model. 
Because AGE accumulation has been implicated in long-term treatment 
with bisphosphonate and in atypical femoral fractures, our data supports 
short-term treatment can minimize AGE accumulation in bone. This 
highlights the beneficial effects of non-collagenous proteins such as in-
crease in content of osteocalcin and osteopontin with high ALN dose to 
increase fracture toughness while keeping accumulation of AGEs under 
control. In support, our multiple regression analyses indicated that 
fracture toughness can be predicted by non-collagenous proteins, 
collagen maturity, and crystallinity in OVX and PTH groups. Specif-
ically, we found that the high-dose PTH group had increased fracture 
toughness that was explained in part by increased non-collagenous 
protein, osteopontin, in the matrix with no changes in AGEs. Low-dose 
PTH resulted in reduction of AGEs but no significant changes in osteo-
calcin and osteopontin content or increased fracture toughness. Such 
dose-specific differences have been previously reported in literature 
regarding the effect of PTH therapy on cortical bone (Compston, 2007). 
A few studies showed minimal or even negative effects while other 
studies showed beneficial effects of PTH treatment on cortical bone 
health (Jerome et al., 1999; Compston, 2007; Iwaniec et al., 2008; 
Ascenzi et al., 2012). Altogether, the current study demonstrated that 
treatments that enhance fracture toughness compared to OVX controls 
were attributed to increased presence of non-collagenous matrix pro-
teins while minimizing the accumulation of AGEs in the cortical bone 
matrix. 
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