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A B S T R A C T   

Purpose: Patients with chronic kidney disease (CKD) have high risk of fracture in part due to cortical bone 
deterioration. The goal of this study was to assess the impact of two different bisphosphonates and dosing 
regimens on cortical microstructure (porosity, thickness, area) and bone mechanical properties in animal models 
of CKD. 
Methods: In experiment 1, Male Cy/+ (CKD) rats were treated with either a single dose or ten fractionated doses 
of zoledronate at 18 weeks of age. Fractionated animals received 1/10th of single dose given weekly for 10 
weeks, with study endpoint at 28 weeks of age. In experiment 2, male C57Bl/6 J mice were given dietary adenine 
(0.2%) to induce CKD. Bisphosphonate treated groups were given either a single dose of zoledronate or weekly 
risedronate injections for 4 weeks. Cortical microstructure was assessed via μCT and mechanical parameters 
evaluated by monotonic bending tests. 
Results: Exp 1: CKD rats had higher blood urea nitrogen (BUN) and parathyroid hormone (PTH) compared to NL 
littermate controls. Single dose zoledronate had significantly higher cortical porosity in CKD S.Zol (2.29%) 
compared to NL control (0.04%) and untreated CKD (0.14%) (p = 0.004). Exp 2: All adenine groups had 
significantly higher BUN and PTH compared to control mice. Mice treated with single dose zoledronate (Ad +
Zol) had the highest porosity (~6%), which was significantly higher compared to either Ad or Ad + Ris (~3%; p 
< 0.0001) and control mice had the lowest cortical porosity (0.35%). In both experiments, mechanics were 
minimally affected by any bisphosphonate dosing regimen. 
Conclusion: A single dose of zoledronate leads to higher cortical porosity compared to more frequent dosing of 
bisphosphonates (fractionated zoledronate or risedronate). Bisphosphonate treatment demonstrated limited 
effectiveness in preventing cortical bone microstructure deterioration with mechanical parameters remaining 
compromised due to CKD and/or secondary hyperparathyroidism irrespective of bisphosphonate treatment.   

1. Introduction 

One in seven individuals in the United States is estimated to have 
CKD (Center for Disease Control and Prevention, 2021). These numbers 
are expected to increase in the coming decade due to an aging popula
tion and increased incidence of other diseases linked to CKD prevalence 
(Center for Disease Control and Prevention, 2021; Bowe et al., 2018). 
Numerous studies have demonstrated that fracture risk is higher in 

individuals with moderate-to-severe CKD compared to the non-CKD 
population (Nickolas et al., 2006; Nickolas et al., 2008; Moe and Nick
olas, 2016; Ensrud et al., 2007; Coco and Rush, 2000; Ball et al., 2002; 
Alem et al., 2000). Furthermore, secondary effects of fracture, such as 
fracture-related complications and mortality, are higher in patients with 
CKD (Coco and Rush, 2000; Tentori et al., 2014). Finding effective 
treatments that mitigate skeletal fractures in CKD patients would 
improve both patient care and CKD outcomes. 
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Bisphosphonates are an effective pharmacological intervention that 
reduce skeletal fragility in various conditions including post- 
menopausal osteoporosis (Burr and Allen, 2012; Eastell et al., 2011). 
Few clinical studies have undertaken specific investigation of 
bisphosphonates in advanced CKD patients, and their current use in 
patients with an estimated glomerular filtration rate <30 mL/min/m2 

(Grade/Stage 4 or 5) is not recommended by the FDA due to concerns of 
accumulation and impaired renal clearance of the drug that may cause 
unwanted bone effects. However, the limited small trials and secondary 
analyses suggests potential benefit to bone and with changing clinical 
guidelines permitting bisphosphonate use in CKD patients by the Kidney 
Disease Improving Global Outcomes (KDIGO) committee, understand
ing whether these agents are effective in mitigating bone loss is 
important for patient health (Wilson et al., 2017; Toussaint et al., 2010; 
Bergner et al., 2008; Ketteler et al., 2017). 

Several pre-clinical studies have explored bisphosphonate use and 
their effects on the skeleton. Our lab has previously documented the 
efficacy of a single dose of zoledronate in suppressing elevated bone 
remodeling without producing adynamic bone (Allen et al., 2013). We 
have also documented that while there are higher levels of drug accu
mulation in the skeleton of CKD animals compared to healthy controls, 
weekly administrations (fractionating) to achieve the same cumulative 
dose resulted in significantly lower skeletal accumulation (Swallow 
et al., 2018; Swallow et al., 2019). Whether or not dosing bisphospho
nates in a fractionated manner alters CKD-induced changes in cortical 
bone microstructure and mechanical integrity relative to single dose is 
unknown. 

Herein we report the results of two independent experiments that 
were both focused on determining the impact of dosing regimens of 
bisphosphonates on cortical microstructure and mechanical properties 
in the setting of CKD. In experiment 1, rats with progressive kidney 
disease were treated with either a single dose or a weekly fractionated 
dose of zoledronate over a period of 10-weeks. We hypothesized frac
tionated dosing, due to the lower accumulation as shown in previous 
studies, would provide greater protection from CKD cortical bone 
deterioration than a single dose of zoledronate. In Experiment 2, we 
compared two different bisphosphonates using clinically relevant dosing 

regimens (single zoledronate dose versus multiple risedronate doses) in 
a mouse adenine model to test the hypothesis that clinically relevant 
doses that are administered more frequently are superior in preserving 
cortical microstructure and mechanical properties compared to less 
frequent regimens, again based on assumptions around skeletal accu
mulation, in the setting of CKD. 

2. Methods 

All experiments were approved prior to their initiation by the Indi
ana University School of Medicine Institutional Animal Care and Use 
Committee. 

2.1. Experiment 1 

2.1.1. Animal model and experimental design 
Male Cy/+ Sprague Dawley (Han:SPRD) rats, a model of high turn

over CKD (Allen et al., 2013; Moe et al., 2014), from an in-house 
breeding colony were screened at 10 weeks of age for elevated circu
lating blood urea nitrogen (BUN) as a biomarker of reduced kidney 
function (Moe et al., 2011). Animals were identified and categorized as 
either CKD or normal unaffected healthy littermate controls (NL). From 
10 weeks of age on, rats were singly housed in a room with 12-h light/ 
dark cycles and an average temperature of 70 ◦F. At 17 weeks of age, all 
animals were switched from the facility-provided grain-based diet to a 
casein-based diet with adjusted calcium and phosphorus ratio, 0.6% and 
0.9% respectively, (Harlan Teklad TD.04539), which we have shown 
supports CKD progression (Moe et al., 2009). Food and water were 
provided ad libitum for the duration of the study. At 18 weeks of age, 
animals were randomly assigned to one of the following groups (Fig. 1):  

1. NL – normal littermate controls, no treatment  
2. CKD – no treatment  
3. CKD S.Zol – single bolus dose of zoledronate  
4. CKD F.Zol – fractionated zoledronate (1/10th of single dose given 

weekly for 10 weeks). 

18 wks 28 wks

CKD Control

NL Control

CKD + Single ZOL

CKD + Frax ZOL

Experiment 1Experiment 1 Experiment 2

CKD induction
--- Con diet
--- Ad diet

Ad

Ad

Ad+Zol

Ad+Ris

Con

CKD maintenance Intervention stage
o Zol
o Ris

66 weeks 4 weeks 4 weeks

16 week old male 
C57Bl/6
N=11-12/group 

18 week old male Cy/+ 
Sprague Dawley Rats
N=11-12/group 

Fig. 1. A schematic of the experimental designs. Experiment 1: rat model, shows group assignments based on disease state NL (black lines) and CKD (grey lines). 
Treatment begun at 18 weeks of age. The light blue dot represents a single dose of zoledronate (Zol) whereas, multiple smaller dark blue dots represent Zol frac
tionation. Experiment 2: mouse model, shows the 3 stages of the experiment (grey dotted rectangles). The period of CKD induction (red line) for Ad groups relates to 
the administration of adenine diet. Bisphosphonate treatment is displayed by a large yellow dot (single dose) ZOL or smaller green dots that signify weekly 
risedronate (Ris) administration. 
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Animals in the single dose zoledronate group (S.Zol) received a 
single subcutaneous dose (20 μg/kg) at 18 weeks of age (Moe et al., 
2014). This dose was shown to effectively suppress remodeling in this 
animal model of CKD. Animals in the fractionated zoledronate group (F. 
Zol) received a weekly subcutaneous dose of 2 μg/kg. Each group had 12 
rats/group except for CKD S.Zol that had 11/group at endpoint because 
one rat was found dead (unknown cause) at 24 weeks of age. At 28 
weeks of age, all animals were anesthetized under vaporized isoflurane 
and euthanized via thoracotomy and tissues were collected. 

2.1.2. Biochemistries 
Blood was collected by tail bleed prior to euthanasia. Capillary tubes 

were centrifuged to collect plasma (~200 μL) and then immediately 
frozen for biochemistry assays. Blood urea nitrogen (BUN) was analyzed 
by colorimetric assay (BioAssay Systems, Hayward, CA) and intact 
parathyroid hormone (iPTH) was measured by ELISA (Immutopics, San 
Clemente, CA) as previously described (Swallow et al., 2019; Moe et al., 
2014; Mcnerny et al., 2019). 

2.1.3. Micro-computed tomography (μCT) 
Left femurs (distal two thirds) were scanned individually on a Sky

scan 1176 (Bruker, Billerica, MA, USA) at 9 μm voxel size with 0.5 
aluminum filter, 2 frame averaging, and 0.7 rotation step. Cortical ge
ometry and microstructure parameters were measured from two slices 
from the femoral mid-shaft (50% total bone length). A single investi
gator manually drew a region of interest (ROI) that traced the endo
cortical and periosteal surfaces of bone to isolate only the cortical bone. 
Cortical porosity (Ct.Po, %) was defined as the void area between the 
periosteal and endocortical surfaces and a single value represented an 
average of the two slices for each animal based on data from a small 
cohort of animals where we studied assessment of 1–5 slices. Cortical 
thickness, cortical bone area, and cross sectional moment of inertia 
(CSMI) were calculated using manufacturer software (CtAN, Bruker) 
(Bouxsein et al., 2010). 

2.1.4. 3-pt bending monotonic mechanical test 
At the time of mechanical testing, femurs were thawed at room 

temperature (from storage in saline-soaked gauze at − 20 ◦C) and 
remained soaked in saline until mechanical testing. Bones were 
measured for total length and anterior-posterior (AP) diameter using 
callipers. Bones were tested to failure using a mechanical testing system 
(Test Resources, Shakopee, MN, USA) in 3-pt bending (lower support 
span 18 mm). A 667.2 N load cell and a 2 mm/min displacement rate 
were used for all tests. Bones were oriented with the anterior surface of 
the femur in compression with the loading point at 50% bone length. All 
bones were pre-loaded with 0.5 N and kept hydrated before beginning 
the tests. Moment of inertia was obtained from CtAN (Bruker, see above 
uCT methods) and used to estimate material levels properties using 
standardized bending eqs. A custom MATLAB script, using force- 
displacement data and cortical geometry values as inputs, was used to 
determine structural and estimated material level properties (Allen 
et al., 2013; Moe et al., 2014; Fuchs et al., 2008). Reported measures 
presented follow standard nomenclature (Turner and Burr, 1993). 

2.1.5. Statistical analysis 
All data was analyzed in IBM SPSS Statistics 26 (IBM, Armonk, NY, 

USA) and graphed in Prism 7.03 (Graphpad, San Diego, CA). Data were 
tested for normality and homoscedascity via Shapiro-Wilk tests. If pa
rameters failed normality or homoscedascity testing then, data were run 
by a Kruskal-Wallis (non-parametric ANOVA) test. Due to this, PTH, 
cortical porosity, cortical thickness, displacement to yield, and work to 
yield were analyzed by Kruskal-Wallis tests. When p-values reached 
statistical significance (p < 0.05), pairwise comparisons with Bonferroni 
corrections were performed to account for multiple tests and to identify 
groups that differed. Non-parametric data is presented as median 
[range]. The remaining parameters that passed normality tests were 

analyzed via a one-way ANOVA. If the ANOVA reached statistical sig
nificance (p < 0.05), Tukey tests were performed for post hoc compar
isons. Data is presented as mean ± standard deviation (SD). Alphabetical 
notation is used to display post hoc analysis. Groups that do not share 
the same letter are statistically different from each other. 

2.2. Experiment 2 

2.2.1. Animal model and experimental design 
Male C57Bl/6 J mice (n = 12 per group) were ordered from Jackson 

Laboratories (Bar Harbor, ME, USA) at 15 weeks of age. Mice were group 
housed in an institutionally approved facility with 12-h light/dark cycle 
and an average temperature of 70 ◦F. Mice were given a week to accli
matize to the facility and were randomly assigned to one of the following 
groups (Fig. 1):  

1. Adenine baseline (10-week)  
2. Control  
3. Adenine  
4. Adenine + Zoledronate (Ad + Zol)  
5. Adenine + Risedronate (Ad + Ris) 

At 16 weeks of age, all mice were switched to a purified casein-based 
diet with adjusted calcium and phosphorus (0.6% Ca, 0.9% P). Animals 
designated to adenine (CKD) groups were fed the same adjusted casein 
diet with the addition of 0.2% adenine (Envigo Teklad Diets, Madison, 
WI, USA). The adenine mouse model has been previously characterized 
as a model of high turnover CKD (Metzger et al., 2021a; Metzger et al., 
2021b). Mice were placed on the adenine diet for 6 weeks for a phase of 
disease initiation before being switched back to the control casein-based 
diet for 4 weeks for a period of maintenance (Metzger et al., 2021b; 
Metzger et al., 2020b). A group (n = 12) of adenine baseline mice was 
euthanized at this 10-week point. For the remaining mice, the inter
vention stage (4 weeks) began at 26 weeks of age. The Ad + Zol group 
was given a single subcutaneous dose of zoledronate (60 μg/kg) at 26 
weeks of age while the Ad + Ris group was given weekly subcutaneous 
injections of risedronate (3.5 μg/kg) for 4 weeks (Fig. 1.) (Allen et al., 
2011). These doses correspond, on a mg/kg basis, to clinically-relevant 
doses and have been shown to have skeletal effects in wild-type mice 
(Aref et al., 2016). Mice were monitored regularly, and body weight was 
tracked weekly throughout the study. All mice made it to study endpoint 
except for one Ad + Zol mouse that was euthanized during the main
tenance phase due to low body conditioning score and declining body 
weight. At study endpoints (10 weeks for adenine baseline group or 14 
weeks for all others), animals were anesthetized via vaporized inhaled 
isoflurane and euthanized via exsanguination and thoracotomy after 
which tissues were collected. 

2.2.2. Biochemistries 
Blood was collected (~1 mL) at study endpoint under isoflurane 

anesthesia via cardiac stick. Blood was centrifuged, and serum was 
immediately frozen for future biochemistry assays. BUN and intact PTH 
was measured by ELISA (Immutopics, San Clemente, CA) as previously 
described (Metzger et al., 2021a, 2021b; Metzger et al., 2020a, 2020b). 

2.2.3. Micro-computed tomography (μCT) 
Right distal femurs were scanned on a Skyscan 1172 (Bruker, Bill

erica, MA, USA) at 8 μm voxel size with 0.5 aluminum filter, 2 frame 
averaging, and 0.7 rotation step. Cortical geometry and microstructure 
parameters were measured ~3–4 mm proximally to the distal femur 
growth plate. Analyses were done as described in Experiment 1 except 
for the additional secondary analysis of pore number. This parameter 
utilized inverse thresholding to make pores appear white and CtAN 
trabecular functions were applied to analyze pore number. 

For assessment of mechanics, right tibiae were scanned for me
chanics testing as previously described in a custom holder for 3 bones 
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per scan on a Skyscan 1172 (Bruker Billerica, MA, USA) with a voxel size 
of 17 μm, 0.7 rotation step, no frame averaging, and 0.5 Al filter to 
obtain geometric properties (moment of inertia about the bending axis 
and distance from the centroid to the bone surface) in the region of 
testing (Kohler et al., 2021). Scans were reconstructed and rotated 
before 10 slices were selected near the midpoint of the testing region. 
This volume was then run through a custom MATLAB code as previously 
described (Berman et al., 2015). 

2.2.4. 4-pt bending monotonic mechanical tests 
At the time of mechanical testing, tibiae were thawed at room tem

perature and remained soaked in saline until mechanical testing. Bones 
were tested to failure using a mechanical testing system (Bose Electro
Force 5500; TA Instruments, New Castle, DE, USA) with a 43.9 N load 
cell in 4-pt bending with a bottom support span of 8 mm and a top 
loading span of 3 mm. Bones were tested in the in the medial-lateral 
direction with the medial surface in tension. All bones were pre- 
loaded with 0.5 N, tested with a displacement rate of 0.025 mm/s, 
and kept hydrated before beginning the tests (Wallace et al., 2009). A 
custom MATLAB script, using force-displacement data and cortical ge
ometry values, was used to determine structural-level and estimate 
material-level properties (Allen et al., 2013; Moe et al., 2014; Fuchs 
et al., 2008). Reported measures presented followed standard nomen
clature (Turner and Burr, 1993). 

2.2.5. Immunohistochemistry 
Fixed left femurs were decalcified in 14% EDTA (~2 weeks) and 

embedded in paraffin. Serial longitudinal 5 μm sections were taken and 
stained using an avidin–biotin method. Samples were stained for re
ceptor activator of nuclear factor κB ligand (RANKL; Abcam, Cambridge, 
MA, USA) and annexin V (Abcam), an early marker of cellular apoptosis. 
Counterstaining and negative controls for all antibodies were conducted 
using methods as previously described (Metzger et al., 2021a; Metzger 
et al., 2020a). Sections were analyzed in a standard ROI in the cortical 
bone of the femur midshaft. Results were reported as the percentage of 
osteocytes stained positively for the protein out of all osteocytes within 
the ROI. All analyses were completed by the same blinded investigator. 

2.2.6. Statistical analysis 
All data was analyzed in IBM SPSS Statistics 26 (IBM, Armonk, NY, 

USA) and graphed in Prism 7.03 (Graphpad, San Diego, CA). To deter
mine the impacts of time on CKD progression, a t-test was performed 
between 10-week adenine (baseline) and 14-week adenine (endpoint) 
mice except for PTH which failed a Shapiro-Wilk normality test, so a 
non-parametric t-test was performed. Study endpoint parameters were 
tested for normality and homoscedascity via Shapiro-Wilk tests. If pa
rameters failed normality or homoscedascity testing then, data were run 
by a Kruskal-Wallis (non-parametric ANOVA) test. Cortical porosity, 
PTH, cross-sectional moment of inertia (CSMI), ultimate force, 
displacement to yield, post-yield displacement, total displacement, post- 
yield work, total work, total strain, and toughness were all analyzed by 
Kruskal-Wallis tests. Pairwise comparisons were performed with Bon
ferroni corrections to identify groups that differed when appropriate (p 
< 0.05). All non-parametric data is presented as medium [range]. All 
other remaining parameters were compared via a one-way ANOVA with 
a statistical significance threshold set at p < 0.05. If parameters reached 
significance, then a Tukey's test for post hoc analysis was performed to 
assess individual group differences (p < 0.05). Data is presented as 
mean ± SD. Alphabetical notation is used to display post hoc analysis. 
Groups that do not share the same letter are statistically different from 
each other. 

3. Results 

3.1. Experiment 1 

3.1.1. Biochemistries 
At 28 weeks of age, all CKD groups had 2-fold higher BUN values 

compared to normal littermates, confirming CKD (ANOVA p < 0.0001, 
Table 1). Neither zoledronate treatment regimen (single or fractionated 
dosing) affected BUN compared to untreated CKD rats. PTH was 
approximately 5- and 9-fold higher in CKD control and CKD S.Zol, 
respectively, compared to NL control (ANOVA p = 0.001, Table 1). PTH 
values in the CKD F.Zol group did not differ from normal controls or any 
other CKD groups (CKD control or single dose ZOL) (Table 1). 

3.1.2. Cortical microstructure 
Cortical bone area was lower in untreated CKD compared to NL 

control and CKD F.Zol (− 4 and − 7%, respectively; ANOVA p = 0.006, 
Fig. 2A). Cortical bone area for CKD S.Zol did not differ from any other 
group. Cortical thickness was not different among groups (ANOVA p =
0.07, Fig. 2B). Cortical porosity was significantly higher in CKD S.Zol 
(2.29%) compared to NL control (0.04%) and untreated CKD (0.14%) 
(ANOVA p = 0.004, Fig. 2C). Cortical porosity in CKD F.Zol group 
(0.62%) did not differ from any other CKD group (Fig. 2C, D). 

3.1.3. Structural- and material-level mechanical parameters 
The structural mechanical parameter of stiffness was significantly 

lower in CKD control and CKD S.Zol groups compared to NL (ANOVA p 
< 0.0001, Fig. 2E). CKD F.Zol had significantly higher stiffness 
compared to untreated CKD but did not differ from CKD S.Zol. Ultimate 
force was significantly lower in both CKD control and CKD S.Zol 
compared to NL control (ANOVA p = 0.003, Fig. 2F). CKD F.Zol did not 
differ from any other group for ultimate force (Fig. 2F). When adjusted 
for geometry, the estimated material mechanical parameters of modulus 
and ultimate stress were no different between groups (ANOVA p = 0.079 
and p = 0.356 respectively, Fig. 2G, H). The remaining mechanical pa
rameters of post-yield displacement, total displacement, post-yield 
work, total work, total strain, and toughness showed that all CKD 
groups were lower than NL controls (Table 1). Cross-sectional moment 
of inertia also did not differ between groups (Table 1). 

3.2. Experiment 2 

3.2.1. Comparison of baseline to endpoint adenine mice 
14-wk adenine mice had higher body weight at study endpoint 

compared to 10-wk adenine baseline (10-wks) when bisphosphonate 
treatment began (t-test p = 0.01, Table S1). For serum BUN and PTH, 
there were no differences between the two timepoints. Likewise, cortical 
porosity was not different between the two timepoints (Table S1). 
Cortical area and cortical thickness were higher (t-test p < 0.001 and p =
0.001, respectively) in the 14-wk mice compared to 10-wk mice 
(Table S1). Overall, these two groups indicate stable, but not progres
sive kidney disease and cortical porosity during the intervention phase 
in this study. 

3.2.2. Body weight and biochemistries 
All adenine groups had significantly lower body weight compared to 

the control group irrespective of treatment (ANOVA p < 0.0001, 
Table 2). Additionally, all adenine mice had higher serum BUN 
compared to control (ANOVA p < 0.0001, Table 2). The Ad + Zol group 
had significantly higher BUN levels compared Ad + Ris (+19%). 
Whereas adenine alone was no different to either bisphosphonate 
treated adenine groups. PTH was 3–5-fold higher in all adenine groups 
compared to control with no differences due to treatment in the adenine 
groups (ANOVA p < 0.0001, Table 2). 
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Table 1 
Experiment 1 (Rat): BUN, PTH, CSMI, and additional structural- and material-level mechanical properties.   

NL control CKD control CKD single Zol CKD Frax Zol Overall ANOVA 
P-value 

BUN (mg/dL) 19.4 ± 1.9 b 49.2 ± 4.7 a 50.3 ± 6.1 a 47.6 ± 6.9 a <0.0001 
PTH (pg/mL) 253.3 [110–971.6] b 1226 [561.9–3240] a 1504 [340–9770] a 444.9 [233.3–1405] ab 0.001 
Cross-sectional moment of inertia (CSMI, mm4) 10.29 ± 0.83 9.68 ± 0.90 9.41 ± 0.96 9.73 ± 0.89 0.138 
Displacement to yield (μm) 332.9 [288.2–381.2] 358.8 [312.0–434.1] 347.5 [310.5–405.3] 353.7 [310.2–400.0] 0.250 
Post-yield Displacement (μm) 552.6 ± 83.1 a 397.1 ± 55.9 b 378.5 ± 134.3 b 401.1 ± 78.9 b <0.0001 
Total Displacement (μm) 889.8 ± 80.6 a 755.7 ± 65.0 b 733.3 ± 136.2 b 758.8 ± 79.6 b 0.001 
Work to Yield (mJ) 17.71 [14.39–22.99] 18.56 [14.63–29.66] 18.95 [14.18–22.35] 19.24 [16.08–24.11] 0.365 
Post-yield Work (mJ) 76.12 ± 12.64 a 49.92 ± 10.32 b 47.28 ± 18.08 b 53.01 ± 12.07 b <0.0001 
Total Work (mJ) 94.41 ± 12.85 a 69.43 ± 12.70 b 66.01 ± 18.30 b 72.58 ± 12.58 b <0.0001 
Total Strain (ε) 0.060 ± 0.006 a 0.049 ± 0.005 b 0.047 ± 0.008 b 0.048 ± 0.005 b <0.0001 
Toughness (MPa) 5.11 ± 0.54 a 3.77 ± 0.62 b 3.55 ± 0.94 b 3.67 ± 0.52 b <0.0001 

Data represented as mean ± standard deviation except for PTH, displacement to yield, and work to yield which are displayed as medium [range]. Overall ANOVA p- 
values are displayed and post-hoc analysis results are marked when appropriate using alphabetical notation. Groups not sharing the same letter are statistically 
different from each other. 

A B C D

G H

NL CKD

CKD + Frax ZolCKD + Single Zol

E F

Fig. 2. Cortical microstructure and mechanical parameters in the Cy/+ rat. A) Cortical bone area (Ct. At, mm2) was statistically lower in Ad mice compared to NL 
control and CKD F.Zol. B) Cortical thickness displayed no difference between groups (Ct.Th, mm). C) Cortical porosity (Ct.Po, %) was significantly higher in CKD S. 
Zol compared to CKD alone and NL. D) Representative cortical bone images. E) Stiffness (N/mm) is significantly lower in CKD control compared to NL and CKD F.Zol. 
F) Ultimate force (N) was significantly lower in CKD control and CKD S.Zol compared to NL control. G) Modulus was not different between groups (p = 0.356). H) 
Ultimate stress was not different between groups (p = 0.079). Data in Fig. 2A and E-H are displayed as mean ± standard deviation. Data in Figs. 2B & 2C are displayed 
as median [range]. Graphs display post-hoc analysis when appropriate with statistical difference notated through alphabetical notation. Groups not sharing the same 
letter are statistically different from each other at p < 0.05, n = 11–12; see methods. 

Table 2 
Experiment 2 (mouse) – body weight and biochemistries.   

Control Ad Ad + Zol Ad + Ris Overall ANOVA 
P-value 

Body weight (g) 34.2 ± 4.1 a 26.3 ± 1.8 b 25.3 ± 1.4 b 25.2 ± 1.2 b <0.0001 
BUN (mg/dL) 31.4 ± 5.7 c 65.7 ± 10.1 ab 74.6 ± 13.4 a 62.5 ± 11.1 b <0.0001 
PTH (pg/mL) 228 [37–314] 898 [496–1594] 747 [509–1139] 727 [219–1973] <0.0001 

Data represented as mean ± standard deviation except for PTH which is displayed as medium [range]. Overall ANOVA p-values are displayed and post-hoc analysis 
results are marked using alphabetical notation. Groups not sharing the same letter are statistically different from each other. 
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3.2.3. Cortical microstructure 
Ad + Ris had lower cortical area compared to control mice (ANOVA 

p = 0.043), while Ad + Zol and adenine was not different from any other 
group (Fig. 3A). At study endpoint, all adenine groups had significantly 
lower cortical thickness compared to control (ANOVA p < 0.0001, 
Fig. 3B). As expected, control mice had the lowest cortical porosity 
(0.35%) with all endpoint adenine groups displaying significantly 
higher cortical porosity (ANOVA p < 0.0001; Fig. 3C, E). Mice treated 
with single dose zoledronate (Ad + Zol) had the highest porosity (~6%), 
which was significantly higher compared to Ad + Ris (~3%). Untreated 
adenine did not differ compared to either bisphosphonate treatment 
groups (Fig. 3C). Secondary analysis of cortical pore number displayed 
similar patterns as seen with overall cortical porosity (ANOVA p <
0.0001, Fig. 3D). Ad + Zol mice had ~50% higher pore number 
compared to adenine alone or Ad + Ris (Fig. 3D). 

3.2.4. Structural- and material-level mechanical parameters 
Adenine mice, irrespective of treatment group, had lower stiffness 

compared to control (ANOVA p = 0.008, Fig. 3F) while ultimate force 
did not differ between any group (ANOVA p = 0.066, Fig. 3G). When 
adjusting for geometry, the estimated material mechanical parameters 
of modulus and ultimate stress did not differ between groups (ANOVA p 
= 0.066 and p = 0.788 respectively, Fig. 3H, I). The remaining structural 
and estimated material mechanical parameters as well as cross-sectional 
moment of inertia did not differ between groups (Table 3). 

3.2.5. Immunohistochemistry (IHC) 
There were no differences in Annexin V positively-stained osteocytes 

within the femoral cortical diaphysis at study endpoint (Table 3). The 
number of RANKL+ osteocytes was significantly higher in CKD groups, 
with and without bisphosphonate treatment, compared to control mice 

Control Adenine

Ad+Zol Ad+Ris

A C D

F

EB

G H I

Fig. 3. Cortical microstructure and mechanical parameters in adenine mice. A) Cortical bone area (Ct.Ar, mm2) was significantly lower in Ad alone and Ad + Ris 
compared to healthy controls. B) Cortical thickness (Ct. Th, mm) was significantly lower in all adenine groups, irrespective of treatment, compared to control. C) 
Cortical Porosity (Ct.Po, %) was significantly higher in Ad + Zol compared to Ad alone or Ad + Ris. D) Cortical pore number (#/mm) was significantly higher in Ad 
+ Zol compared to Ad alone or Ad + Ris. E) Representative image of cortical bone for each group. F) Stiffness (N/mm) was significantly lower in all adenine groups 
compared to control. G) Ultimate Force (N) was not different between groups (p = 0.066). H) Modulus was no different between groups (p = 0.066). I) Ultimate stress 
was no different between groups (p = 0.788). Data in Figs. 3A-3B, 3D, 3F, 3H-3I are displayed as mean ± standard deviation. Data in Figs. 3C & 3G are displayed as 
median [range]. Graphs display post-hoc analysis when appropriate with statistical difference notated through alphabetical notation. Groups not sharing the same 
letter are statistically different from each other at p < 0.05, n = 12; see methods. 

Table 3 
Experiment 2 (mouse) – immunohistochemistry, CSMI, and additional structural- and material-level mechanical properties.   

Control Ad Ad + Zol Ad + Ris Overall ANOVA P-value 

Annexin V+ (%) 35.9 ± 10.5 35.9 ± 10.8 37.4 ± 7.2 40.7 ± 5.7 0.639 
RANKL+ (%) 18.1 ± 4.4 c 33.4 ± 7.0 b 47.8 ± 8.4 a 42.7 ± 4.3 ab <0.0001 
Cross sectional moment of inertia (CSMI, mm4) 0.087 [0.075–0.114] 0.084 [0.075–0.094] 0.079 [0.057–0.104] 0.086 [0.070–0.113] 0.662 
Displacement to yield (μm) 172.3 [121.9–231.5] 162.2 [107.0–238.1] 155.9 [140.5–223.3] 154.1 [94.3–184.4 0.483 
Post-yield Displacement (μm) 109 [0–632] 180 [2–525] 80 [0–207] 60 [0–587] 0.457 
Total displacement (μm) 257.9 [165.6–812.7] 331.1 [183.9–638.2] 248.3 [142.0–430.3] 244.4 [154.1–717.7] 0.304 
Work to yield (mJ) 1.91 ± 0.66 1.51 ± 0.87 1.45 ± 0.56 1.15 ± 0.59 0.131 
Post-yield work (mJ) 1.32 [0.73–9.37] 2.56 [0.04–7.70] 1.15 [0–4.97] 1.40 [0–11.80] 0.516 
Total work (mJ) 3.48 [2.04–11.48] 4.05 [1.63–10.88] 2.48 [1.09–6.92] 2.09 [1.29–12.70] 0.402 
Total strain (ε) 0.027 [0.018–0.083] 0.038 [0.021–0.070] 0.026 [0.015–0.042] 0.27 [0.017–0.084] 0.383 
Toughness (MPa) 3.03 [1.51–10.86] 4.44 [1.66–10.65] 2.40 [1.18–5.91] 2.42 [1.26–12.93] 0.341 

Data represented as mean ± standard deviation if normally distributed. Non-parametric data is presented as medium [range]. Overall ANOVA p-values are displayed 
and when appropriate post-hoc analysis results are marked using alphabetical notation. Groups not sharing the same letter are statistically different from each other. 
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(ANOVA p < 0.0001, Table 3). Ad + Zol had significantly higher RANKL 
positively-stained osteocytes compared to adenine whereas, Ad-Ris was 
not different from adenine alone or Ad + Zol (Table 3). 

4. Discussion 

The goal of this study was to assess the impact of two different 
bisphosphonates and two dosing regimens on cortical microstructure 
and bone mechanical properties using two different animal models of 
CKD. We found that a single dose of zoledronate resulted in higher 
cortical porosity and no apparent mechanical benefit to bone in both a 
progressive CKD rat model and an adenine-induced mouse model. 
Additionally, in both models we observed no differences from controls in 
cortical porosity with bisphosphonate treatment dosed more frequently 
(Exp.1 – fractionated zoledronate or Exp 2 – weekly risedronate). In both 
models, bisphosphonate treatments had little to no effect on cortical 
bone structure or mechanical properties compared to untreated CKD 
animals, but all CKD animals, regardless of treatment had alterations in 
cortical bone vs. age-matched controls. 

Our approach in this work was to assess concepts of bisphosphonate 
dosing using two different methodologies (animal models and drug 
doses). Consistent with previous work (Moe et al., 2014; Moe et al., 
2009; Mcnerny et al., 2019; Metzger et al., 2021b; Metzger et al., 
2020a), CKD animals in these two models displayed high PTH and 
cortical bone deterioration which are consistent with clinical manifes
tations associated with CKD-mineral bone disorder (CKD-MBD). In this 
study, cortical deterioration was more pronounced in adenine mice 
which had both cortical thinning and cortical porosity. These charac
teristics of bone deterioration were not seen in the Cy rats, likely due to 
them being at a stage of disease progression prior the significant 
development of cortical porosity (Mcnerny et al., 2019). 

Bisphosphonates are effective in reducing fracture risk in conditions 
such as post-menopausal osteoporosis (Burr and Allen, 2012; Eastell 
et al., 2011; Burr, 2020), yet few clinical studies have studied the effects 
of bisphosphonates in CKD patients. The importance of reducing frac
ture risk in the CKD population is critical, since individuals with end- 
stage renal disease (ESRD) have 60% mortality rate 1 year post hip- 
fracture compared to 20% mortality rate in the general population 
(Coco and Rush, 2000). As anti-resorptive agents, bisphosphonates bind 
to hydroxyapatite and inhibit the activity of osteoclasts impeding bone 
resorption (Russell et al., 2008). Ideally, mitigation of resorption leads 
to maintenance of bone mass, improvement in bone mineral density 
(BMD), and preservation of microstructure. Together these can improve 
mechanical properties of bone and thus reduce fracture risk (Burr, 2020; 
Pazianas et al., 2014). The understanding of how bisphosphonates 
function in the setting of CKD is limited and, due to concerns with renal 
clearance and renal toxicity, bisphosphonates are not recommended for 
patients in CKD stages 4 and 5 (eGFR <30 mL/min/m2). Therefore, 
animal models can provide a useful surrogate for investigating the im
pacts of bisphosphonates in CKD and assessing parameters such as whole 
bone mechanics that cannot be assessed clinically. Our previous work 
has investigated skeletal accumulation of bisphosphonates and we have 
shown using a fluorescently tagged-zoledronate (Fam-ZOL; not biolog
ically active) that drug accumulates more in the skeleton of CKD rats 
than rats with normal kidney function at the same dose (Swallow et al., 
2018; Swallow et al., 2019). However, when Fam-ZOL was dosed in a 
fractionated pattern with smaller and more frequent doses of 
bisphosphonate, there was lower skeletal accumulation in both healthy 
and CKD rats (Swallow et al., 2019). Studies have shown that 
bisphosphonates are effective in suppressing high turnover associated 
with CKD (Allen et al., 2013; Moe et al., 2014; Newman et al., 2014; 
Lomashvili et al., 2009; Jokihaara et al., 2008); however, few pre- 
clinical studies in CKD have shown that a single bisphosphonate dose 
successfully prevents cortical bone loss or improves mechanical pa
rameters. This study goes beyond bisphosphonate skeleton accumula
tion and asks the question of whether alternative dosing patterns, 

smaller and more frequent doses, can be beneficial to CKD bone, both 
architecturally and mechanically. 

In both experimental models, CKD animals treated with a single dose 
of zoledronate had higher cortical porosity compared to untreated CKD 
animals. Fractionating zoledronate (in experiment 1) preserved cortical 
bone area and improved stiffness compared to CKD control animals 
(Fig. 2). Risedronate dosing at weekly intervals, in experiment 2, is a 
more realistic clinical approach than fractionating zoledronate; how
ever, cortical microstructure and mechanical parameters remained 
compromised in adenine mice to a similar degree as a single dose of 
zoledronate (Fig. 3). Therefore, our study fails to demonstrate a positive 
impact of bisphosphonates on cortical microstructure and mechanical 
properties in CKD and brings to light a potential negative outcome with 
higher cortical porosity with a single dose of zoledronate. Interestingly, 
despite widespread cortical porosity, a known detrimental factor to the 
mechanical integrity of bone (Schaffler and Burr, 1988), groups with a 
single dose of zoledronate, were not significantly affected in mechanical 
properties beyond disease alone. This builds on two previous papers 
from our group looking at how bisphosphonates (zoledronate) affect 
mechanical properties. In our first short term experiment (5 week 
treatment) we saw modest positive effects on select mechanical prop
erties while our follow-up longer experiment (10 week treatment) 
showed no effect on mechanics compared to untreated CKD animals 
(Allen et al., 2013; Moe et al., 2014). Neither study showed an effect 
(positive or negative) on cortical porosity compared to untreated CKD. 

The results from these studies suggest that bisphosphonate treatment 
alone in CKD is insufficient to provide protection against bone fragility 
as the mechanical parameters were dominated by the effects of disease 
rather than bisphosphonate treatment. While bone mass is often seen as 
the critical factor to the mechanical integrity of bone, the distribution of 
material and its quality also play critical roles (Allen and Burr, 2007; 
Turner, 2002). Previous research has frequently captured the detri
mental impacts of architecture and structural bone changes in CKD on 
structural- and estimated material-mechanical properties (Allen et al., 
2013; Moe et al., 2014; Mcnerny et al., 2019; Newman et al., 2015). CKD 
drives changes beyond the macro and micro scale with CKD shown to 
lead to a greater accumulation of advanced glycation end products 
(AGE's) in both serum and bone which is thought to influence collagen 
cross-linking and the mineralization of bone (Chen et al., 2020; Allen 
et al., 2015). Additionally, it has been previously established that CKD 
can influence bone hydration (Allen et al., 2015) and the material 
composition of bone (Iwasaki et al., 2013; Iwasaki et al., 2011; Malluche 
et al., 2013). Therefore, this collection of prior research reaffirms the 
complexity of the disease and the number of variables that are changed 
and influence the biomechanical properties of bone in CKD. 

Bisphosphonates have the potential to modify parameters that 
impact the bone tissue. Bisphosphonates have been highly effective in 
reducing fracture risk in post-menopausal osteoporosis due to im
provements in bone mineral density (BMD) (Burr and Allen, 2012; 
Eastell et al., 2011). However, it has been noted that BMD only partially 
accounts for the reduction in fracture risk following bisphosphonate 
treatment (Pazianas et al., 2014). Creating low turnover states through 
bisphosphonate administration can have secondary consequences that 
include increasing the mean age of bone leading to an older matrix and 
bisphosphonates can alter the mineralization profile of bone (Pazianas 
et al., 2014; Allen and Burr, 2007). Acknowledging that CKD influences 
bone beyond quantity may be helpful in explaining why bisphosphonate 
treatment in this study was not able to recover mechanical properties as 
effectively as expected. Ideally, fracture-reduction therapies would 
improve bone mass and material properties; however, achieving this 
therapeutic combination is challenging and is unlikely to be achieved 
using bisphosphonates in CKD patients (Turner, 2002). 

In both our studies, PTH was high in CKD animals which is hy
pothesized to be a driver of cortical porosity development. CKD animals 
treated with a single dose of zoledronate had higher cortical porosity 
compared to CKD animals treated with risedronate. Previously, we 
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hypothesized that high PTH leads to high osteocyte RANKL which, in 
turn, stimulates high osteoclastic drive to the cortical bone (Metzger 
et al., 2021a; Metzger et al., 2020a). In this study, we investigated 
whether the two bisphosphonate treatments in the adenine mice 
impacted osteocyte RANKL differently than CKD alone. Osteocytes 
positive for RANKL were higher in adenine vs. control as previously 
described (Metzger et al., 2021a; Metzger et al., 2020a) and both 
risedronate and zoledronate treatments resulted in 22–30% higher 
RANKL+ osteocytes than untreated adenine mice. Higher RANKL may 
partially explain the increase in cortical porosity in zoledronate-treated 
adenine mice but does not account for the similarly high RANKL values 
with lower porosity in the risedronate-treated groups. Therefore, it is 
likely that high PTH and high RANKL are not the sole drivers of cortical 
porosity in zoledronate-treated adenine mice. Thus, the mechanisms 
leading to higher cortical porosity with a single dose of zoledronate in 
CKD remains unclear at this time. Additionally, bone changes likely 
linked with high PTH and elevated osteocyte RANKL, indicate the po
tential need for combination treatments including both a PTH-lowering 
therapeutic, like calcimimetics, and an alternate anti-resorptive. 

We acknowledge a few limitations to our study. First, the mechanism 
of delivery of zoledronate is not clinically transferable as we injected 
ZOL subcutaneously (SQ) in rats compared to the typical intravenous 
(IV) route in patients. However, our previous study showed that skeletal 
accumulation of zoledronate in rats is comparable between IV and SQ 
methods (Swallow et al., 2018). Additionally, zoledronate is not typi
cally dosed in a fractionated pattern in patients, because its potency is 
such that only a single yearly injection is needed. However, to address 
this concern we used risedronate, a bisphosphonate with a dosing 
regimen that is more frequent. Third, experiment 1 was conducted in 
rats with a moderate stage of CKD (typically thought of as equivalent to 
late stage 3 or early stage 4); therefore, bone phenotypes that are typi
cally associated with late-stage CKD, such as dramatic cortical porosity, 
were not present. However, this is also a strength as the rats earlier in the 
progression of the disease still had increased porosity with the single 
zoledronate dose indicating this type of dosing may not be beneficial at 
earlier disease stages. Additionally, comparisons of biochemical pa
rameters between 10- and 14-week adenine mice show no differences 
between groups, indicating stable kidney disease in this timeframe. Due 
to this, we cannot speak to whether risedronate prevented an increase in 
porosity. Furthermore, rodent cortical bone differs in bone structure in 
comparison to human cortical bone. Since rodents lack osteons the re
sults from this study should not be extrapolated to human bone without 
further investigation. Another limitation of this study is the use of 
different doses of bisphosphonate, different dosing durations, and 
different mechanical setups (3- vs. 4-point bending) in the two different 
rodent models. The variables were independently chosen for each model 
based on our past work, but we acknowledge that this limits direct 
comparison across the two experiments. Lastly, this study focused on the 
microstructure and mechanical impacts of bisphosphonates on cortical 
bone; therefore, analyses assessing the impacts of bisphosphonates on 
kidney function or specific molecular and cellular mechanisms 
contributing to higher rates of cortical porosity within bisphosphonate- 
treated groups are avenues of future investigation. 

In conclusion, this study demonstrates that single dose zoledronate 
leads to higher cortical porosity compared to more frequent dosing of 
bisphosphonates (fractionated zoledronate or risedronate) in the setting 
of existing CKD. Bisphosphonate treatment demonstrated limited 
effectiveness in preventing microstructure cortical bone deterioration 
with mechanical parameters remaining compromised due to CKD irre
spective of bisphosphonate treatment in animals with established dis
ease. Future studies will likely need to utilize combination treatments to 
target the multiple mechanisms contributing to CKD-associated bone 
loss and compromised mechanical properties. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bonr.2022.101174. 
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