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Abstract

Bisphosphonates are commonly used to treat and prevent bone loss, but their effects in
active, juvenile populations are unknown. This study examined the effects of intramuscular
clodronate disodium (CLO) on bone turnover, serum bone biomarkers (SBB), bone mineral
density (BMD), bone microstructure, biomechanical testing (BT), and cartilage glycosamino-
glycan content (GAG) over 165 days. Forty juvenile sheep (253 + 6 days of age) were
divided into four groups: Control (saline), T, (0.6 mg/kg CLO on day 0), Tg4 (0.6 mg/kg CLO
on day 84), and Ty,g4 (0.6 mg/kg CLO on days 0 and 84). Sheep were exercised 4 days/
week and underwent physical and lameness examinations every 14 days. Blood samples
were collected for SBB every 28 days. Microstructure and BMD were calculated from tuber
coxae (TC) biopsies (days 84 and 165) and bone healing was assessed by examining the
prior biopsy site. BT and GAG were evaluated postmortem. Data, except lameness data,
were analyzed using a mixed-effects model; lameness data were analyzed as ordinal data
using a cumulative logistic model. CLO did not have any measurable effects on the skeleton
of sheep. SBB showed changes over time (p < 0.03), with increases in bone formation and
decreases in some bone resorption markers. TC biopsies showed increasing bone volume
fraction, trabecular spacing and thickness, and reduced trabecular number on day 165 ver-
sus day 84 (p < 0.04). These changes may be attributed to exercise or growth. The absence
of a treatment effect may be explained by the lower CLO dose used in large animals
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compared to humans. Further research is needed to examine whether low doses of bisphos-
phonates may be used in active juvenile populations for analgesia without evidence of bone
changes.

Introduction

Bisphosphonates are a class of drugs that have been used for over 40 years in human medicine
for their antiresorptive biological effects [1, 2]. Bisphosphonates work by impairing osteoclast-
mediated bone resorption [3, 4]. As a result, these drugs have been shown to increase bone
mineral density (BMD) [5, 6], reduce serum bone biomarkers (SBB) of bone resorption [6, 7],
and change the mechanical properties of bones [8, 9]. Bisphosphonates treat and prevent bone
loss in various diseases such as postmenopausal osteoporosis [10, 11], osteogenesis imperfecta
[12-14], and Paget’s disease [15, 16]. They are also used in veterinary medicine for different
pathologies, such as canine osteosarcoma [17], feline idiopathic hypercalcemia [18], and
equine navicular syndrome [19, 20].

The effect of bisphosphonates in young, active humans and animals is poorly understood
[21-24]. This knowledge gap is particularly significant given the use of bisphosphonates in
juvenile, high-performance animals such as racehorses where bone growth and remodeling
are active [24-28]. Growth and adaptation to exercise depend on normal osteoclastic activity
[29]. Osteoclasts are active and abundant in the subchondral bone of juvenile animals [30] and
humans [31]; thus, the potential impairment of this group of cells may result in adverse side
effects including decreased bone strength, decreased bone healing, or altered growth [32, 33].
Serious side effects resulting from bisphosphonate use in adults include osteonecrosis of the
jaw defined by the accumulation of necrotic bone in the oral cavity [34, 35] and atypical femur
fractures which occur in the absence of major injury or trauma [36], have been replicated in
several animal models [37-41], but have not been thoroughly investigated in a young, active
population.

Bisphosphonate effects have been assessed in different animal models [37-42] including
sheep [25]. In comparison to other large animals such as bull calves, sheep can be more easily
conditioned to forced exercise [43] and a relatively uniform population can be chosen from
select herds with closed breeding practices [44]. Moreover, sheep have been used as a large ani-
mal model for horses [44, 45], making them a particularly applicable model species for the
effects of therapeutics on active individuals. Further, sheep are amenable to serial blood sam-
pling and bone biopsies, therefore, serving as an important experimental large animal species.
When used in a terminal study, bone mechanical testing and skeletal advanced imaging may
be combined with gross dissection and sampling, creating a robust data set.

Given the existing knowledge gap regarding the skeletal effects of bisphosphonates on juve-
nile populations engaged in exercise, this study aimed to investigate the effects of clodronate
disodium (CLO) administration on bone formation and remodeling using juvenile sheep sub-
jected to forced exercise. CLO was selected as it is an FDA-approved bisphosphonate for use in
a large animal species [46], has shown clinical efficacy for musculoskeletal disease [46, 47], and
the pharmacokinetics have been described in sheep [48]. Outcome measures included physical
examinations, lameness evaluations, SBB, advanced imaging methods, biomechanical testing
(BT), and sulfated glycosaminoglycan content (GAG) in cartilage. Based on the antiresorptive
effects of bisphosphonates, we hypothesized that CLO administration would result in (1) a
reduction in bone resorption markers indicating a decrease in bone turnover, (2) an increase
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in BMD and an increase in force to fracture, (3) a decrease in bone healing evident by a
decrease in BMD at the bone sampling site, and (4) an increase in cartilage GAG content.

Materials and methods
Animals and management

All animal protocols were approved by the Michigan State University (MSU) Institutional Ani-
mal Care and Use Committee (2020000264) and the experimental procedures and results are
described according to the Animal Research: Reporting of In Vivo Experiments (ARRIVE)
guidelines [49]. Forty juvenile, cross bred Dorset-Polypay sheep (253 + 6 days of age), consist-
ing of 20 castrated males (wethers, 87 £ 5 kg), and 20 females (ewes, 72 + 8 kg) were acquired
from the MSU Sheep Teaching and Research Center. Dorset-Polypay sheep were selected due
to their availability at the MSU Sheep Farm, ensuring a population of a similar age, under con-
sistent management conditions and with both sexes represented. Castrated males were used as
the farm orchiectomizes the rams (intact males) shortly after birth. Juvenile sheep were defined
as animals that had not attained 80% of their mature size (body mass) [50, 51]. To determine
the growth rate of the sheep, the sheep were weighed every two weeks, beginning 150 days
prior to the start of the study. At the start of the study, sheep were less than 80% of their pro-
jected, mature size. Sheep were sheared nine weeks prior to the beginning of the study. Two
weeks prior to the beginning of the study, sheep were transported to the MSU Bennett Road
Farm and then housed in two indoor pens (21.6 m” each, S1 Fig). The study was comprised of
a 2-week acclimation period followed by a 24-week study period. Animals were randomly
assigned to each indoor pen, with 20 animals housed in each pen. Sheep had access to a total
mixed ration that contained 90% dry matter of chopped hay (82%), a corn/soybean blend
(16.5%), and a 1.5% of a mineral blend (Marvo Mineral Company, Osseo, MI). The sheep were
fed this total mixed ration once per day at a mass equivalent to an average of 2.0-2.3% of their
body weight in dry matter over the 24-week experimental period and were provided ad libitum
access to water.

During the 2-week habituation period, sheep were acclimated to their housing, a 3-way
manual weigh crate (Prattley™, Temuka, New Zealand), and the 20-m diameter exerciser
(Q-Line Horse Exerciser, Aromas, CA, USA). Twice per week, animals were moved through
an indoor chute system connected to the weigh crate to acclimate the sheep to sample collec-
tions and physical examinations. A 32-meter fence connecting the outside walker to the inside
pens allowed sheep to easily move from the barn to the walker. During the habituation period,
sheep were placed in the exerciser 4x/week and encouraged to walk for 5 min/day (S1 Fig). Fig
1 describes the study timeline.

Physical examinations and exercise protocol

Physical examinations (PE) were performed every 14 days during the study period, and included
body weight (BW) measured using a weigh crate, height measured at the withers (height) using a
solid measuring stick, heart rate (HR) and respiratory rate (RR) determined by auscultation of
the heart and trachea, and rectal temperature (RT) acquired by digital thermometer. All physical
examinations were performed using the previously mentioned indoor chute system and weigh
crate. Sheep were confirmed to be without lameness prior to the start of the study, and lameness
evaluations were performed every 14 days starting on week 0 by two veterinarians (AC, FV)
using a standardized sheep subjective lameness evaluation scoring system that ranged from “0”
to “6” [52]. According to this scoring system a score of “0” denotes no lameness, a score of “1” is
an irregular posture without any reduction in stride length, a score of “2” indicates a noticeable
head nod accompanied by a shortened stride, a score of “3” is given to an animal showing
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Sheep Study Timeline (day -150 to day 165)

Fig 1. Study timeline. Sheep were acquired at day -150 to allow for early health screening and weighing. Sheep were transported to the exercise facility at day
-14 for a 2-week acclimation period prior to the start of the study. The total study period was 165 days, and all sheep underwent a tuber coxae bone biopsy
procedure at 84 days.

https://doi.org/10.1371/journal.pone.0300360.9001

significant discomfort while moving, as evidenced by excessive head flicking and stride shorten-
ing, a score of “4” is given when the animal shows a reluctance to bear weight during movement,
a score of “5” is assigned when the animal is unable to stand up and shows a reluctance to move,
and a score of “6” when the animal is unable to stand or move [52].

An exercise protocol was developed for the sheep, with its intensity and duration based on
prior treadmill sheep studies [45, 53]. This protocol was designed to emulate exercise protocols
used in juvenile horse studies [54, 55]. Supervised by a veterinarian (FV), the exercise sessions
took place between 07:00 and 10:00 h. The sheep started with a brisk 10-minute walk each day
with the duration extended by 5 minutes weekly until it reached a daily maximum of 30 min-
utes. At this point, a strenuous pace for the sheep (2.0 m/s) was incorporated into the middle
of the workout [53]. The sheep underwent exercise four times a week, with the direction of
exercise alternating between clockwise and counterclockwise each day. The sheep were exer-
cised in groups of 20 to ensure their safety, as the exerciser’s bay could not accommodate all 40
sheep at once, and to maintain the original distribution of animals from each pen. No exercise
was completed during week 12 as sheep were sedated and bone biopsies were collected from
the tuber coxae (TC); sheep resumed exercise during week 13 (Table 1).

Treatment distribution

An a priori power analysis, with a significance criterion of alpha = 0.05, was conducted based
on mean differences and pooled standard deviations (SD) between treatment groups for bone-
specific alkaline phosphatase (BALP, bone formation marker) and cross-linked C-terminal tel-
opeptides of type I collagen (CTX-I, bone resorption marker). The analysis revealed that a
sample size of 10 animals per treatment group would provide sufficient power to detect a sig-
nificant difference. For BALP, the estimated power was 99.9% with a mean difference of 7 ng/
mL and a SD of 3 ng/mL [56]. For CTX-], the estimated power was 98.1% with a mean differ-
ence of 135 ng/mL and a SD of 75 ng/mL using an ELISA method [38]. Sample size and power
were calculated using OpenEpi (Version 3.01). The authors recognized the limited informa-
tion available on bisphosphonate administration in juvenile sheep and, therefore, maximized
the power of the study by using 10 animals per treatment group.

PLOS ONE | https://doi.org/10.1371/journal.pone.0300360  April 16, 2024 4/27


https://doi.org/10.1371/journal.pone.0300360.g001
https://doi.org/10.1371/journal.pone.0300360

PLOS ONE Clodronate disodium does not produce measurable effects on bone metabolism in a juvenile animal model

Table 1. Juvenile sheep exercise protocol and estimated distance traveled using a circular exerciser for 24 weeks.

Week Exercise duration Estimated distance traveled
1 10 min (WS) 780 m
2 15 min (WS) 1,170 m
3 20 min (WS) 1,560 m
4 25 min (WS) 1,950 m
5 30 min (WS) 2,340 m
6-8 13 % min (WS) — 2 % min (TS) — 13 % min (WS) 2,445 m
9-11 12 % min (WS) — 5 min (TS) — 12 % min (WS) 2,550 m
12! - -
13 30 min (WS) 2,340 m
14 12 % min (WS) — 5 min (TS) — 12 % min (WS) 2,550 m
15— 8 min (WS) — 3 % min (TS) — 6 % min (WS) — 3 % min (TS) — 8 min 2,655 m
17 (WS)
18- 7 min (WS) — 5 min (TS) — 6 min (WS) — 5 min (TS) — 7 min (WS) 2,760 m
24

Abbreviations: WS, walking speed at 1.3 m/s; TS, trotting speed at 2.0 m/s. Sheep were exercised 4x/week alternating
between clockwise and counterclockwise directions each day. The TS bout was incorporated in the middle of the 30
min exercise protocol, starting on week 6.

"No exercise due to bone biopsies.

https://doi.org/10.1371/journal.pone.0300360.t001

Sheep were stratified by sex and weight, randomly assigned a number from #1 to #40, and
allocated to one of three CLO treatment groups (T Tg4, To.s4) Or a saline control group
(Con), with each group consisting of 10 sheep. Treatment groups received CLO (0.6 mg/kg
(0.01ml/kg),0SPHOS™, Dechra Veterinary Products, Overland Park, KS, USA) administered
on day 0 (Ty), CLO (0.6 mg/kg) administered on day 84 (Ts,4), or CLO (0.6 mg/kg) adminis-
tered on day 0 and day 84 (T,g4). All doses were administered intramuscularly (i.m.). To
maintain proper controls, animals not receiving CLO on days 0 or 84 was administered saline
solution i.m., and control animals received saline solution i.m. on days 0 and 84. The dose of
CLO was selected based on a pilot study which compared plasma concentrations of CLO fol-
lowing 3 different doses of CLO (0.6, 1.8, 3.0 mg/kg i.m.) over 48 hours in 12 adult sheep
(n = 4/treatment group) [48]. CLO administered at 0.6 mg/kg i.m. resulted in similar pharma-
cokinetic parameters to those observed with a dose of CLO at1.8 mg/kg i.m. for horses [48].

Serum harvest

Twenty milliliters of blood were harvested by jugular venipuncture between 07:00 and 09:00 h
every 28 days, starting on day 0. Blood was placed in serum-separator vacutainer tubes, facili-
tating coagulation on ice for 1 h prior to centrifugation at 2,000 x g for 15 min. Serum was ali-
quoted into 2-mL microcentrifuge tubes and stored at -80°C for later evaluation.

Tuber coxae biopsy

At week 12, TC bone biopsies were performed to assess bone healing and microstructure. To
ensure unbiased sampling and facilitate blinded post-mortem analysis, the left or right TC was
randomly chosen regardless of the treatment group, using a random sequence generator
(https://www.random.org/sequences). Sheep were fasted for 24 h and deprived of water for 12
h prior to surgery. Sheep received a single dose of penicillin G procaine (22,000 UI/kg i.m.;
VetOne, Boise, ID, USA) prior to administration of midazolam (0.26 mg/kg i.m.; Hikma
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Pharmaceuticals USA Inc., Berkeley Heights, NJ, USA), ketamine (3.25 mg/kg i.m.; Akorn
Operating Company LLC, Gurnee, IL, USA), and xylazine (0.01-0.02 mg/kg i.m. as needed;
Patterson Veterinary Supply Inc., Loveland, CO, USA) to achieve recumbent sedation. The
biopsy site was clipped and aseptically prepared, and the skin was infiltrated with 5 mL of
mepivacaine hydrochloride. An approximately 4-cm incision was made through the skin and
subcutaneous tissues over the TC. An 8-mm Michele trephine was used to remove a sample
which included a cartilage cap, cortical bone, and trabecular bone. Biopsy samples were stored
in 4% paraformaldehyde solution for 96 h and then transferred to 70% ethanol for later micro-
computed tomography (micro-CT) analysis. The subcutaneous tissue was closed using a
0-monocryl suture in a continuous pattern and the skin incision was closed using a 2-0-mono-
cryl suture in a simple, interrupted pattern. All animals were administered a single dose of
meloxicam (1 mg/kg PO; Zydus Pharmaceuticals Inc., Pennington, NJ, USA) after the skin
incision was sutured.

Euthanasia and specimen collection

At the conclusion of the 24-week study, all sheep were humanely euthanized using a captive
bolt pistol at the MSU Meat Laboratory. This method was chosen for its efficiency and to mini-
mize chemical contamination of tissues. Mandibles, right fused metacarpi (MC;.4), and fourth
lumbar vertebrae (L4) were collected from each animal, wrapped in saline-soaked paper tow-
els, stored in plastic bags, and immediately placed on ice. The medial condyle of the left MCs,, 4
(LMC) and the third lumbar vertebra (L3) were placed in 4% paraformaldehyde. The TC
which had been previously biopsied (during week 12) was removed en bloc and an 8-mm
biopsy was obtained from the contralateral TC for preservation in 4% paraformaldehyde. All
samples in 4% paraformaldehyde were transferred to 70% ethanol after 96 h. Articular cartilage
was harvested from the proximal surface of the right radius using a scalpel. The harvested car-
tilage was immediately placed in microcentrifuge tubes and stored on ice, then transferred to
storage at -20°C until GAG analysis.

Computed tomography

The mandible, right MCj;_ 4, and L4 from each sheep were CT scanned at 120 kV and 320
mAmp, with a slice thickness of 0.625 mm (GE Revolution Evo Scanner; GE Healthcare,
Princeton, NJ, USA). All CT scans were analyzed using Mimics 23.0 (Materialise NV, Leuven,
Belgium). The whole-slice BMD of the mandible was calculated with a mask threshold of 250
Hounsfield Units (HU) at the midpoint of the diastema between the fourth incisor and premo-
lar; the BMD of the left and right hemi-mandibles was averaged. The midpoint of each right
MC;, 4 was used to measure BMD and the following dimensions with a mask threshold value
of 400 HU: cross-sectional area (CSA), external dorsopalmar (DP) and lateromedial (LM)
diameters (cortex), internal DP and LM diameters (medullary cavity), and cortical widths
(anterior, posterior, lateral, and medial). The BMD of L4 was measured at the first full cranial
slice, midpoint, and last full caudal slice and averaged. Additionally, the vertebral body length
and CSA dimensions of the L4 were measured. To calculate the CSA, the average cranial and
caudal full slice areas were used. Vertebral scans were identified and separated by masking at
226 HU. A calcium hydroxyapatite phantom (Image Analysis, Inc., Columbia, KY, USA) with
rows representing 0, 75, and 150 milligrams of calcium hydroxyapatite per cubic centimeter
(mg HA/cm?) was included in each scan. All density measurements in HU were converted to
mg HA/cm® using linear equations calculated from the phantom on each scan, as previously
described [57]. After CT scans were completed, all samples were wrapped in saline-soaked
gauze and stored at -20°C until later analysis by BT.
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Biomechanical testing

The right MCj3, 4 were removed from the freezer, wrapped in saline-soaked gauze, and allowed
to slow thaw at 4.8°C over a 5-day period. Soft tissue was removed after thawing and immedi-
ately prior to biomechanical testing. The right MCs, , were subjected to 4-point bending using
an electromechanical testing system equipped with a 60 kN load cell (MTSCriterion, Model
43, Eden Prairie, MN, USA). Right MC;, 4 for each sheep were positioned individually, with
the palmar aspect of the metacarpus facing upward toward the force applicators, as previously
described [43] (S2 Fig). All samples were loaded to failure at a rate of 10 mm/min [58]. Flexural
stress (maximal force to failure/CSA) and modulus of elasticity were calculated. Modulus of
elasticity (E) was calculated based on the formula: E = EI/I. The EI (flexural rigidity) was calcu-
lated by the following equation: EI = (F/V)(a?/12)(3 x L — 4a), where F/V (stiffness) was
obtained from the linear portion of the curve between 0.7 to 1.2 mm of compression with an
R? 0f 0.99. The distance between the bottom support stands minus the width of the support
stands was L (51.9 mm); a (3.8 mm) corresponds to L minus the distance between the force
applicators divided by two (S2 Fig). Moment of inertia (I) was determined by calculating a hol-
low ellipse as previously described [43, 59]: T = 0.049[(B x D*) — (b x d*)] (B = exterior later-
omedial diameter, D = exterior dorsopalmar diameter, b = interior lateromedial diameter, d =
interior dorsopalmar diameter).

L4 were allowed to thaw at 4.8°C for 3 days prior to the removal of soft tissues. Once
thawed, the soft tissues, vertebral arch, and transverse processes were removed (S3 Fig). The
superior and inferior vertebral endplates were embedded in polyurethane resin (TC-808, BJB
Enterprises, Tustin, CA, USA) (54 Fig) and the specimens were wrapped in saline-soaked
gauze. Compression tests were performed using an electromechanical testing system equipped
with a 100 kN load cell (Instron Model 5982, Norwood, MA, USA). A flat 3-mm thick metal
plate was included between the specimen and the compression piston’s end to guarantee a uni-
formly distributed axial load applied over the vertebral body (S5 Fig). All specimens were
loaded to failure at a rate of 1 mm/min [58]. Compressive stress (maximal compressive force
divided by the average CSA calculated from the CT data for each vertebral body) was calcu-
lated. Compressive modulus of elasticity was calculated as the slope of the stress-strain curve
between 60 to 80% of the maximum compressive stress using the Bluehill™ Universal software
(Norwood, MA, USA).

Micro-computed tomographic analysis

Fixed whole TC, TC biopsies, LMC, and L3 vertebral bodies were analyzed using micro-com-
puted tomography (micro-CT). Micro-CT images were obtained using a PerkinElmer Quan-
tum GX system (Waltham, MA, USA) with a voltage of 90 kV, current of 88 pA, and
reconstruction resolution of 50 um. Image analysis was performed using Dragonfly Software
(v.2022.1.0.1259, Object Research Systems, Quebec, Canada) to differentiate bone (mineral)
from bone marrow (non-mineral) and segment T'C biopsy slices using the Otsu threshold
algorithm [60]. The Otsu method performs clustering-based image thresholding that is deter-
mined by minimizing intra-class intensity variance, or by maximizing inter-class variance.
[60] This method has been used previously to segment bone tissue [61-66] and has been sug-
gested to be used for objective analysis of micro-CT studies [67], due to the objective nature of
the algorithm. Thus, the Otsu method was chosen for its ability to provide an unbiased
segmentation.

For TC biopsies, a cylindrical region of interest (ROI) was established for the calculation of
bone volume fraction (BV/TV), trabecular separation (TbSp), trabecular thickness (TbTh), tra-
becular number (TbN), trabecular connectivity density (ConnD), and BMD. To assess bone
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healing, a 6-mm diameter cylinder ROI was established using the Otsu threshold tool and the
Bone Analysis tool was used to calculate BV/TV, TbSp, TbTh, TbN, and ConnD at the TC
biopsy site. Cortical thickness (CtTh) was determined by measuring and averaging the cortical
bone thickness in 5 different regions of a representative slice of the TC. L3 and LMC were seg-
mented using the Otsu threshold tool. Separation of cortical from the trabecular bone in L3
and LMC was done using the Buie bone segmentation tool in the Bone Analysis tool [67],
resulting in the calculation of BV/TV, TbSp, TbTh, TbN, CtTh, and BMD. Growth plates were
present in the LMC and L3 samples; therefore, those regions were excluded from the ROI to
standardize image analysis. [57] During each micro-CT imaging session, a micro-CT calcium
hydroxyapatite phantom (QRM, Méhrendorf, Germany) that consisted of five cylindrical
inserts containing various densities of calcium hydroxyapatite (0, 50, 200, 800 and 1200 mg
HA/cm?) was scanned and used to create a linear calibration between Hounsfield units and
these known phantom densities. For the micro-CT images, BMD was calculated using the
average bone Hounsfield units and converted to mg HA/cm” using the linear calibration, as
previously described [57].”

Serum bone biomarker analysis

Serum samples were thawed immediately before testing. Serum concentrations of ovine-spe-
cific bone markers [68] were assessed using enzyme-linked immunoassays according to the
manufacturer’s instructions (Kendall Scientific, Lincolnshire, IL, USA). Bone markers ana-
lyzed included BALP, procollagen type I amino-terminal propeptide (PINP), receptor activator
of nuclear factor NF-xB ligand (RANKL), CTX-I, and tartrate-resistant acid phosphatase iso-
enzyme 5b (TRAP5b). The assays were analyzed using a SpectraMax ABS Microplate Reader
(Molecular Devices, LLC, San Jose, CA, USA) at 450 nm. The remodeling index BALP/CTX-I
[69, 70] and resorption index CTX-I/TRAP5D [71, 72] were also determined.

Cartilage glycosaminoglycan content

Cartilage samples were thawed, weighed, digested in papain buffer (0.1M sodium acetate, 0.05
EDTA, pH 5.53), and activated with 0.005M L-cysteine HCI hydrate overnight in a 60°C water
bath. One pg of papain (26 mg/mL) was added per milligram of cartilage, as previously
described [73]. The digested GAG content was determined using a 1,9-dimethylmethylene
blue colorimetric assay as previously described [74]. The colorimetric reaction was measured
at 520 nm using a SpectraMax 384 Microplate Reader (Molecular Devices) and compared to a
chondroitin sulfate standard (bovine trachea).

Statistical analysis

Physical parameters and SBB of sheep were analyzed using a mixed-effects model that consid-
ered the fixed effects of treatment, time, sex, and all possible 2- and 3-way interactions, with
repeated measures of time and subject effect of sheep. The results are presented as mean
values + SD and were analyzed using the MIXED procedure of SAS 9.4 (SAS Inc., Cary, NC,
USA). CT (mandibles, right MCs,4, and L4), micro-CT (TC, TC biopsies, L3, and LMC), BT
data (right MC;, 4 and L4), and cartilage GAG content were evaluated with the fixed effects of
treatment, sex, as well as the interaction between treatment and sex. Normality was assessed
using diagnostic plots of residuals for each independent variable. All data, except for SBB and
lameness evaluations, were deemed to be normally distributed. SBB data was log-transformed
and subsequently followed a normal distribution after transformation. Height and BW were
assessed as potential covariates in this model, because the size of the animals could have influ-
enced the results of the independent variables. No significant correlations were detected
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between height or BW and the independent variables; therefore, they were removed from the
final model. An effect of sex was observed in sheep BW, height, right MCs, , dimensions, L4
dimensions and BT, and LMC BV/TV and BMD. For the rest of the analyses, the effect of sex
was not included in the results, as it was not significant. Post-hoc comparisons using least-
squares means separated by the Tukey-Kramer test were used when the effects were significant
(p < 0.05).

Lameness data were analyzed as ordinal data. Lameness scores from two veterinarians were
averaged and rounded to the nearest integer for each sheep. A cumulative logistic model was
applied using RStudio v.2022.07.2 (RStudio Inc., Boston, MA, USA), calculating the estimated
likelihood of lameness score, measured as predicted probability for each treatment and day
and standard error. Post-hoc multiple comparisons were performed using the Tukey method
and the R package ’emmeans’. Statistical significance was set at p < 0.05.

Resulits
Physical examinations and lameness evaluations results

During the study, two sheep experienced moderate morbidity leading to intervention. During
week 8, sheep #7 (female, T, group) developed a fever and lethargy; she was treated with peni-
cillin G procaine (22,000 Ul/kg i.m.) for 10 days every 12 h (7 days of exercise missed). She
fully recovered until week 12, when she experienced persistent lameness following TC biopsy.
Due to persistent lameness, exercise was discontinued, and sheep #7 was excluded from the
study. One additional sheep developed a mild fever and lethargy following TC biopsy (#37,
female, Tg4 group) and received oxytetracycline (20 mg/kg) every 48 h, receiving 2 doses in
total (no days of exercise missed).

As anticipated with growth, BW and height increased over time (P < 0.001) but did not dif-
fer with treatment administration over time (P > 0.24, Table 2).

Lameness evaluations

There were no differences in lameness between treatment groups at any time point. However,
on day 94, sheep in the T, group were less likely to be sound (score “0”, 0.53 £ 0.10, p < 0.05)
compared to days 0, 30, 44, 58, 72, 114, 142 and 163. Additionally, they were more likely to
receive a score of “1” (0.21 £ 0.04, p < 0.05) compared to days 30, 72, 114, and 142. A single
sheep from the T group (sheep #7) had a lameness score of “4” (reluctance to bear weight dur-
ing movement) at day 94 following TC biopsy. This lameness persisted despite treatment with

Table 2. Initial and final body weights (BW) and heights of 40 juvenile sheep.

Sex BW (d 0) BW (d 163) P-value
Males (kg) 79 +7° 86 + 6° 0.01
Females (kg) 70 + 7¢ 74 + 9°¢

Average BW (kg) 75+ 8 80+ 10 < 0.001
Sex Height (d 0) Height (d 163) P-value
Males (cm) 69 + 3* 80 + 2° 0.01
Females (cm) 67 +3° 75+ 47

Average height (cm) 68+3 77+4 < 0.001

®“BW means followed by a common letter are not significantly different (p < 0.01)
*Height means followed by a common letter are not significantly different (p < 0.01)

Values are expressed as mean + SD.

https://doi.org/10.1371/journal.pone.0300360.t002
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Table 3. Frequency of sheep lameness scores by day and treatment group.

Con Day Frequency of lameness score To Day Frequency of lameness score

0 1 2 3 4 0 1 2 3 4

0 10 0 0 0 0 0 8 2 0 0 0

16 9 0 1 0 0 16 9 0 1 0 0

30 8 1 1 0 0 30 9 1 0 0 0

44 8 2 0 0 0 44 10 0 0 0 0

58 10 0 0 0 0 58 10 0 0 0 0

72 10 0 0 0 0 72 10 0 0 0 0

94 5 3 2 0 0 94! 6 3 0 0 1

100 8 2 0 0 0 100 9 0 0 1 0

114 10 0 0 0 0 114 9 0 1 0 0

128 9 1 0 0 0 128 7 0 3 0 0

142 10 0 0 0 0 142 9 0 1 0 0

156 9 0 1 0 0 156 9 0 1 0 0

163 10 0 0 0 0 163 9 0 1 0 0

Total observations 116 9 5 0 0 Total observations 114 6 8 1 1
Tgy Day Frequency of lameness score To.84 Day Frequency of lameness score

0 1 2 3 4 0 1 2 3 4

0 10 0 0 0 0 0 10 0 0 0 0

16 10 0 0 0 0 16 9 0 1 0 0

30 10 0 0 0 0 30 10 0 0 0 0

44 10 0 0 0 0 44 9 1 0 0 0

58 10 0 0 0 0 58 8 1 1 0 0

72 9 0 1 0 0 72 10 0 0 0 0

94 7 2 1 0 0 94! 8 2 0 0 0

100 9 0 1 0 0 100 10 0 0 0 0

114 9 1 0 0 0 114 10 0 0 0 0

128 9 0 1 0 0 128 10 0 0 0 0

142 10 0 0 0 0 142 10 0 0 0 0

156 10 0 0 0 0 156 9 1 0 0 0

163 10 0 0 0 0 163 9 1 0 0 0

Total observations 123 3 4 0 0 Total observations 122 6 2 0 0

Abbreviations: Con, control group with no drugs administered; Ty, group treated once on day 0 with clodronate disodium (CLO); Tg4, group treated once on day 84
with CLO; T, g4 group treated on day 0 and 84 with CLO.

No lameness evaluations were recorded between 5-6.

"Lameness evaluations were recorded on day 94 instead of day 86 due to bone biopsies and lack of exercise during week 12.

https://doi.org/10.1371/journal.pone.0300360.t003

meloxicam (1 mg/kg PO) every 24 h for five days. Because the animal could not complete the
exercise protocol, it was removed from further analyses, as previously indicated. No other
sheep received a score greater than “2” at any point during the study period. Table 3 shows the
frequency for each lameness score according to their treatment groups and days.

Computed tomography

No treatment differences or sex differences were found in the BMD of the mandibular, MC;, 4
cortices and whole slice at the midpoint, or averaged L4 (Table 4).

No treatment differences were found for any of the right MCs, 4 dimensions. However, sex
differences were found in all right MC;, 4 dimensions. Males had greater external and internal
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Table 4. Treatment means and SD of bone mineral density (BMD) measured using computed tomography at various locations: Midpoint of the mandibular dia-
stema, dorsal, palmar, lateral, medial cortices, whole slice at the midpoint of the right fused metacarpus (MCs,4), and average of the fourth lumbar vertebral body

14).

BMD (mg HA/cm?)

Treatments Mandible MCs,4 L4
Midpoint Dorsal Palmar Lateral Medial Midpoint Vertebral body
diastema cortex cortex cortex cortex whole slice

Con 805+ 74 1,180 £ 85 767 £ 145 1,201 £ 67 1,179 £ 60 901 + 140 390 + 35

To 813 £ 65 1,209 £ 69 765 + 143 1,213 £ 35 1,240 £ 55 898 + 143 426 £ 29

Ty 809 + 51 1,203 £ 61 717 £ 93 1,207 £ 35 1,233 £ 52 834+ 87 421 £50

Tois4 808 £ 53 1,202 £ 85 792 + 153 1,193 + 64 1,225+ 90 963 £ 161 403 £ 45

P-value 0.99 0.82 0.68 0.88 0.21 0.24 0.22

Abbreviations: Con, control treatment no drugs administered; Ty, group treated once on day 0 with clodronate disodium (CLO); T4, group treated once on day 84 with
CLO; To,s4 group treated on day 0 and 84 with CLO.

https://doi.org/10.1371/journal.pone.0300360.t004

DP and LM diameters (p < 0.03), as well as dorsal, palmar, lateral, medial CW, CSA, and bone
length (p < 0.02). The L4 vertebral body dimensions (length and CSA) did not differ among
treatments, but males had greater vertebral body length and CSA measurements than females
(P<0.003, Table 5).

Biomechanical testing

No treatment, sex, or treatment-by-sex interaction differences were found in any BT values for
the right MCj;, 4. No treatment differences were found for L4 BT variables. However, sex differ-
ences were observed. Females had greater compressive stress (P<0.001) and males had a
greater modulus of elasticity (p = 0.04, Table 6).

Micro-computed tomography

No treatment differences were found for the BV/TV, TbSp, TbTh, TbN, ConnD, and BMD of
the biopsy site and CtTh of the whole T'C (Table 7). Similarly, no treatment-by-time differ-
ences were found for BV/TV, TbSp, TbTh, TbN, ConnD, and BMD of TC biopsies. However,
time differences were observed for some of the TC biopsy parameters. On day 165, BV/TV,
TbSp, and TbTh were increased compared to day 84 (p < 0.04), and TbN was decreased com-
pared to day 84 (P<0.001). No time differences were found for ConnD or BMD (Table 8).

No treatment differences were found for BV/TV, CtTh, TbSp, TbTh, TbN, and BMD of the
LMC. Sex differences were found only for the BV/TV and BMD values, with greater values for
females than males (p < 0.006). No treatment, sex, or treatment-by-sex interaction differences
were found for BV/TV, CtTh, TbSp, TbTh, TbN, and BMD of the L3 (Table 9).

Serum bone biomarkers

Day 56 of PINP was excluded from the analysis due to laboratory error and lack of additional
samples. No treatment or treatment-by-time interactions were found in SBB. However, time
differences were observed for bone formation (BALP and PINP) and resorption markers
(CTX-I and TRAP5b). Bone formation markers were higher on day 28 compared to day 0

(p <0.03). CTX-I was higher on days 0, 56, and 140 (p < 0.03) compared to other days, while
TRAP5b was higher on days 28 and 112 (p < 0.02) compared to other days. RANKL had no
changes over time (Table 10).
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Table 5. Means and SD for the right fused metacarpus (MC;,,4) including the internal and external diameters at the dorsopalmar (DP) and lateromedial (LM) loca-
tions, cortical widths (CW) at the dorsal, palmar, lateral, and medial cortex, bone length, cross-sectional area (CSA) and means and SD for the fourth lumbar verte-
bral body (L4) CSA.

Measurements MC;, 4 dimensions

Con Ty Tgy To.84 P-value
DP external diameter (mm) 13.6 £0.9 13.9+£0.7 13.5+ 1.0 13.6 £ 0.8 0.31
DP internal diameter (mm) 74+0.8 7.7+0.8 7.0+ 0.6 7.3+£09 0.19
LM external diameter (mm) 20.0 £ 1.0 209+ 1.5 202+1.3 206+ 14 0.26
LM internal diameter (mm) 12.0+1.0 12.6 £ 1.7 11.6 £ 1.1 122+1.5 0.34
Dorsal CW (mm) 3.8+£0.5 4.0+0.5 4.0+0.5 39+0.5 0.79
Palmar CW (mm) 24+03 24+0.2 25+0.3 24+0.2 0.81
Lateral CW (mm) 4.1+04 4.1+04 42+03 4.2 +0.3 0.67
Medial CW (mm) 4.0+0.4 42+04 44+04 42+04 0.11
Bone length (mm) 150.8 £9.7 154.0£9.1 150.6 £9.9 150.6 £ 8.2 0.69
CSA (mmz) 2145+ 253 235.9 £ 30.0 216.3+31.4 221.8 £30.9 0.25

Males Females P-value

DP external diameter (mm) 14.2 £ 0.6 13.1+0.7 < 0.001
DP internal diameter (mm) 7.7+0.8 7.0+0.8 0.02
LM external diameter (mm) 21.3+£1.0 19.6 £ 1.1 < 0.001
LM internal diameter (mm) 126+ 1.4 11.6+1.2 0.03
Dorsal CW (mm) 4.1+0.4 3.7+04 0.003
Palmar CW (mm) 25+03 23+02 0.03
Lateral CW (mm) 43+0.2 40+0.3 0.003
Medial CW (mm) 44+04 41+04 0.02
Bone length (mm) 158.8 +4.7 143.5+ 4.6 < 0.001
CSA (mm?) 240.2+21.8 202.3 £23.6 < 0.001
Measurements 14 dimensions

Con Ty Tgs To.84 P-value
Vertebral body length (mm) 39.1+1.9 39.2+1.9 39.1£1.6 39.0+22 0.69
CSA (mmz) 561 + 48 593 + 80 563 + 48 582+ 73 0.25

Males Females P-value

Vertebral body length (mm) 40.1+1.8 383+1.5 0.003
CSA (mm?) 619 + 50 540 + 44 < 0.001

Abbreviations: Con, control treatment no drugs administered; Ty, group treated once on day 0 with clodronate disodium (CLO); Tg4, group treated once on day 84 with
CLO; To,s4 group treated on day 0 and 84 with CLO.

https://doi.org/10.1371/journal.pone.0300360.t005

No treatment differences were found for BALP/CTX-I and CTX-I/TRAP5b indexes. How-
ever, time differences were observed. BALP/CTX-I on days 28 and 56 were higher (p < 0.009)
than day 0. In contrast, CTX-I/TRAP5b on days 28, 84, and 112 were lower (p < 0.02) than on
days 0 and 56 (Table 11).

Sulfated glycosaminoglycans (GAG)
Cartilage GAG content did not differ between treatments (Fig 2).

Discussion

Bisphosphonates are one of the most common drugs used to treat and prevent bone resorption
via osteoclast impairment [1, 3, 4, 75]. However, the effects of bisphosphonates on immature
skeletal development while undergoing exercise are largely unknown [24, 25, 30, 32, 33].
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Table 6. Means and SD for flexural stress (N/mm?) and modulus of elasticity (GPa) reported for the right fused metacarpus (MC;,4). Compressive stress and modu-
lus of elasticity are reported for the fourth lumbar vertebra (L4).

Treatments MC;,4 14
Flexural stress (N/mm?) Modulus of elasticity Compressive stress (N/mm?) Modulus of elasticity

(GPa) (GPa)

Con 179 £ 4.0 3.0£0.7 22435 252 +55

To 17.2£5.9 3.1+£0.7 21.6 £5.1 30.7 £4.3

Tgq 19.3+£49 33+0.7 23.8+34 29.5+5.1

Tossa 182+£4.7 32+0.7 21.1+3.8 269 +£6.7

P-value 0.84 0.77 0.30 0.13

Sex Flexural stress (N/mm?) Modulus of elasticity Compressive stress (N/mm?) Modulus of elasticity (GPa)
(GPa)

Males 18.7£5.5 2905 199 +£3.3 29.8+6.4

Females 17.6 £4.0 34+£0.8 24.8 £ 3.0 26.1+4.3

P-value 0.49 0.09 < 0.001 0.04

Abbreviations: Con, control treatment no drugs administered; Ty, group treated once on day 0 with clodronate disodium (CLO); Tg4, group treated once on day 84 with
CLO; T, 54 group treated on day 0 and 84 with CLO; GPa, Gigapascals.

https://doi.org/10.1371/journal.pone.0300360.t006

Therefore, we sought to determine the effects of a single or repeated i.m. administration of
CLO in a juvenile sheep model subjected to exercise. We failed to reject our null hypotheses, as
no differences were detected among treatments. However, sex differences were realized for
multiple outcome measures including BW, height, right MCs, 4 (dimensions), L4 (dimensions
and BT), and LMC (BV/TV and BMD). Also, BW, height, TC biopsies (BV/TV, TbSp, and
TbTh), and SBB (BALP, PINP, CTX-I, and TRAP5b) outcome measures were noted to change
over the study period.

Treatments with bisphosphonates impair osteoclast function [1, 3]; these biological changes
can be detected through SBB [6, 7], changes in BMD [6, 7], and/or BT [8, 9]. Our results sug-
gested that CLO did not produce any measurable effects on bone metabolism in juvenile sheep
subjected to exercise. Our findings are similar to previous reports that showed bisphospho-
nates administered to large animals (i.e., horses) were clinically effective in reducing musculo-
skeletal pain [20, 47, 76, 77], without causing changes in SBB, BMD, micro-CT measurements,
and/or BT [19, 20, 46, 47, 76, 77] using FDA-approved doses [46, 78]. This may be due to the

Table 7. Treatment means and SD of the bone healing measured as bone volume fraction (BV/TV), trabecular separation (TbSp), trabecular thickness (TbTh), tra-
becular number (TbN), trabecular connectivity density (ConnD), and bone mineral density (BMD) of the tuber coxae (TC) biopsy site and whole TC cortical thick-
ness (CtTh).

Measurement TC Bone healing
Con To Tgs To.s4 P-Value

BV/TV (%) 33.6+6.3 32.6+7.2 383+11.0 33.7+9.4 0.47
TbSp (mm) 1.87 £ 0.64 1.76 + 0.85 1.64 £ 0.82 1.56 +0.73 0.81
TbTh (mm) 0.58 +0.10 0.53 +0.10 0.59 + 0.08 0.50 +0.12 0.18
TbN (mm™) 0.44 +0.11 0.52 +0.26 0.50 £ 0.15 0.55+0.21 0.59
ConnD (mm) 6.7 £ 4.6 7.0+3.3 6.0+3.3 6.9 +£3.9 0.95
BMD (mg HA/cm?) 238 + 60 277 + 54 292 + 63 281 + 80 0.29
TC CtTh (mm) 0.86 = 0.10 0.86 £ 0.11 0.85+0.13 0.84 + 0.05 0.98

Abbreviations: Con, control treatment no drugs administered; Ty, group treated once on day 0 with clodronate disodium (CLO); T4, group treated once on day 84 with
CLO; Ty,s4 group treated on day 0 and 84 with CLO.

https://doi.org/10.1371/journal.pone.0300360.t007
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Table 8. Treatment means and SD of the bone volume fraction (BV/TV), trabecular separation (TbSp), trabecular thickness (TbTh), trabecular number (TbN), tra-

becular connectivity density (ConnD), and bone mineral density (BMD) of the tuber coxae (TC) bone biopsies.

TC bone biopsies

Days BV/TV (%)

Con Ty Tgy To.84 Average
84 329147 33.9+4.6 36.0+9.4 35.1+3.0 345+5.8
165 33.8+£3.0 37.0+ 44 39.1+6.9 36.5+2.7 36.6 + 4.8
P-Value 0.80 0.04
Days TbSp (mm)

Con Ty Tgy Tor84 Average
84 0.49 + 0.08 0.48 + 0.07 0.49 £0.11 0.47 £ 0.05 0.48 £ 0.07
165 0.54 £ 0.04 0.50 £ 0.05 0.49 £ 0.06 0.50 £ 0.04 0.51 £ 0.05
P-Value 0.44 0.02
Days TbTh (mm)

Con To Tgy To.g4 Average
84 0.25 £ 0.08 0.25 £ 0.01 0.27 £0.02 0.25 £ 0.02 0.26 £ 0.02
165 0.27 £ 0.02 0.27 £ 0.01 0.29 £ 0.03 0.27 £ 0.02 0.28 £ 0.02
P-Value 0.99 < 0.001
Days TbN (mm™)

Con Ty Tgy To.84 Average
84 1.37 £ 0.10 1.38 £ 0.14 1.34 £ 0.16 1.40 £ 0.13 1.37£0.13
165 1.24 + 0.07 1.29 £ 0.08 1.29 + 0.09 1.29 £ 0.07 1.28 £ 0.08
P-Value 0.53 < 0.001
Days ConnD (mm)

Con To Tgy To.g4 Average
84 10.0 £ 2.9 10.8 £3.9 10.7 £ 4.4 8.0+3.8 9.8+3.8
165 8.4+32 9.8+25 10.2 £3.5 9.6 +2.7 9.5+3.0
P-Value 0.38 0.64
Days BMD (mg HA/cm?)

Con Ty Tgy To.84 Average
84 364 + 77 390 £ 71 406 *+ 68 365+ 29 381 + 64
165 363 + 45 392 +£76 396 + 60 391 +£43 386 + 56
P-Value 0.78 0.67

Abbreviations: Con, control treatment no drugs administered; Ty, group treated once on day 0 with clodronate disodium (CLO); Tgy, group treated once on day 84 with
CLO; Ty,s4 group treated on day 0 and 84 with CLO.

https://doi.org/10.1371/journal.pone.0300360.t008

lower dose used in large animals compared to humans. We used a dose in sheep that resem-
bled the pharmacokinetic values of therapeutic CLO administered in horses [48]. The dose
used in horses (1.8 mg/kg) has shown clinical efficacy in reducing musculoskeletal pain in
multiple studies [20, 46, 47, 77]. However, humans treated for osteoporosis receive 200 mg i.
m. every 2 weeks (approximately 2.7 mg/kg based on a 75 kg person) which results in detect-
able BMD increases [79]. A linear relationship is described between the dose and frequency of
bisphosphonates and their effects [8, 79, 80], where a greater dose correlates with a greater
inhibition of osteoclasts and subsequent effects on bone turnover. Therefore, lower CLO doses
may lead to clinical effects without significant antiresorptive outcomes in the skeleton [81].
This study did not assess pain or pain control related to CLO administration. However, the
results suggest that future studies could investigate low dose CLO therapy as a palliative treat-
ment with minimal effects on BMD or growth in juveniles.
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Table 9. Treatment means and SD of the bone volume fraction (BV/TV), cortical thickness (CtTh), trabecular separation (TbSp), trabecular thickness (TbTh), tra-
becular number (TbN), and bone mineral density (BMD) of the left metacarpal medial condyle (LMC) and third lumbar vertebra (L3).

Treatments LMC
BV/TV CtTh TbSp TbTh TbN BMD

(%) (mm) (mm) (mm) (mm™) (mg HA/cm?)
Con 74.1 + 4.6 1.34 + 0.32 0.65 +0.17 0.47 + 0.04 0.92 +0.16 3,770 + 151
T, 749 +53 1.57 + 0.46 0.64 + 0.24 0.46 + 0.05 0.94 +0.16 3,601 + 227
Tes 759 +3.1 1.55 % 0.15 0.81 +0.30 0.47 +0.03 0.81 +0.30 3,786 + 172
Toxsa 76.6 5.0 1.58 + 0.24 0.60 +0.12 0.46 + 0.05 0.95 +0.10 3,646 + 265
P-value 0.55 0.33 0.17 0.95 0.18 0.16
Sex BV/TV CtTh TbSp TbTh TbN BMD

(%) (mm) (mm) (mm) (mm™) (mg HA/cm®)
Males 73.4+42 1.47 + 0.31 0.74 +0.24 0.46 + 0.04 0.87 +0.16 3,596 + 209
Females 77.4+3.9 1.56 + 0.32 0.61 +0.20 0.47 + 0.04 0.94 +0.14 3,807 + 170
P-value 0.006 0.33 0.09 0.25 0.13 0.003
Treatments L3

BV/TV CtTh TbSp TbTh TbN BMD

(%) (mm) (mm) (mm) (mm™) (mg HA/cm®)
Con 47.6+3.7 0.94 +0.11 0.60 + 0.04 0.32 +0.02 1.10 + 0.05 1,718 + 140
To 492+2.4 1.02 +0.16 0.56 + 0.04 0.31 +0.01 1.15 + 0.06 1,830+ 148
Tes 50.7 + 4.0 1.06 + 0.17 0.57 +0.05 0.32 +0.01 1.13 +0.06 1,844 + 191
Tosa 47.8 +4.1 1.00 +0.13 0.58 + 0.04 0.31 +0.02 1.12 +0.05 1,835 + 139
P-value 0.21 0.35 0.26 0.64 0.22 0.21
Sex BV/TV CtTh TbSp TbTh TbN BMD

(%) (mm) (mm) (mm) (mm™) (mg HA/cm®)
Males 47.7 + 4.1 0.97 +0.15 0.58 + 0.04 0.31 +0.01 1.12 +0.05 1,789 + 164
Females 50.0 + 3.0 1.03 +0.14 0.58 + 0.04 0.32 +0.02 1.12+0.06 1,824 + 156
P-value 0.06 0.20 0.65 0.30 0.93 0.57

Abbreviations: Con, control treatment no drugs administered; Ty, group treated once on day 0 with clodronate disodium (CLO); T4, group treated once on day 84 with
CLO; To,s4 group treated on day 0 and 84 with CLO.

https://doi.org/10.1371/journal.pone.0300360.t009

Clodronate has a lower anti-resorptive potency compared to other bisphosphonates which
may explain the lack of measurable bone effects. Bisphosphonates are categorized into nitro-
gen-containing and non-nitrogen-containing bisphosphonates [82, 83], and it is well estab-
lished that the non-nitrogen-containing bisphosphonates (e.g., CLO) have a lower binding
affinity and antiresorptive potency than nitrogen-containing bisphosphonates (e.g., ibandro-
nate or zoledronate) [82, 83]. Consequently, the class of bisphosphonate, coupled with the
lower dose employed in this study, may have fallen below the threshold needed to produce
detectable osteoclast inhibition. Notably, exercise and age influence the bisphosphonate distri-
bution in the body. Exercise decreases the glomerular filtration rate [84], which in turn reduces
the excretion of CLO and enhances blood supply to the bones [85], potentially increasing CLO
availability within the skeletal system. Additionally, age influences bisphosphonate absorption
by the bones, with higher absorption expected in young populations due to greater bone turn-
over compared to adults [86, 87]. Even though this study used juvenile animals subjected to
exercise, which could have increased their exposure to CLO, no measurable skeletal effects
were observed. Administering a higher dose and/or evaluating a higher-intensity training may
result in detectable changes in bone parameters.

Although SBB and TC biopsies did not show any time-by-treatment differences, there was
an effect of time. In this study, bone formation markers increased on days 28 (BALP and

PLOS ONE | https://doi.org/10.1371/journal.pone.0300360  April 16, 2024 15/27


https://doi.org/10.1371/journal.pone.0300360.t009
https://doi.org/10.1371/journal.pone.0300360

PLOS ONE

Clodronate disodium does not produce measurable effects on bone metabolism in a juvenile animal model

Table 10. Treatment means and SD of serum bone marker bone-specific alkaline phosphatase (BALP), procollagen type I amino-terminal propeptide (PINP),
receptor activator of nuclear factor NF-kB ligand (RANKL), tartrate-resistant acid phosphatase isoenzyme 5b (TRAP5b), and carboxy-telopeptide of type I collagen

cross-links (CTX-I).

BALP (ng/mL)

Day Con Ty Tgq To.84 Average
0 7.7£5.0 6.3+35 7.7+3.8 6.0+22 6.9+3.7°
28 9.9+8.1 9.4+6.0 8.2+45 93+52 9.2 +59%
56 12.0 £ 12,5 9.5+6.6 9.3+58 10.8 £ 6.8 10.4 + 8.1*
84 9.0+5.8 7.1+4.0 7.1+4.6 8.4+39 7.9 + 4.5

112 9.6 +£9.9 8.6+4.8 7.3+3.7 8.0+ 39 8.4+ 6.0°

140 10.3£11.6 74+37 6.9+4.7 7.3+3.1 8.0 + 6.7
163 9.5+ 10.0 62+24 6.6 +4.5 6.1+3.0 7.1+ 5.8

P-Value 0.92 < 0.001
PINP (ng/mL)

Day Con Ty Tgq To.84 Average
0 1.7+ 15 1.2+£0.9 1.8+1.3 1.3+0.7 1.5+1.1°
28 21+15 1.6+1.3 1.8+ 0.9 19+14 1.8+1.3%

56' - - - - -

84 1.8+1.2 1.4+0.8 1.5+0.9 1.8+ 1.1 1.6+ 1.0°

112 15+ 1.1 1.5+1.0 14409 154038 1.5+0.9"
140 1.7+1.3 1.4+£0.8 1.4+09 1.7+ 1.0 1.5+ 1.0°
163 14+09 1.1+£0.5 1.2+0.8 14+08 13+0.7°

P-Value 0.85 < 0.001
RANKL (ng/mL)

Day Con To Tg4 To+84 Average
0 33.7+ 143 37.6+14.3 299193 37.8 + 14.6 347 +13.2
28 23.6+8.3 34.0+18.8 29.4 +10.5 266 +7.0 280+ 11.8
56 333+74 28.0+ 8.8 31.9+6.9 31.5+£99 31.2+82
84 27.1+15.2 33.6 £ 14.7 222+6.8 39.1+14.7 31.0 £ 14.5

112 31.7 £ 16.7 245+ 8.1 254 +13.5 35.6+£13.5 29.4+13.7
140 24.0+9.2 343+17.3 30.4 £ 16.9 31.7£13.7 30.0 £ 14.5
163 315+ 17.5 36.2 £ 14.6 259+15.8 24.5+9.1 29.2 £ 14.5

P-Value 0.62 0.28
CTX-I (ng/mL)

Day Con To Tgy Toss4 Average
0 10.3+£2.9 9.3+33 94+3.1 10.6 £3.7 9.9 +3.2°
28 8.0 +2.3 8.4+25 75+ 1.8 9.5+2.8 8.3 2.4
56 9.7+ 3.0 8.6+ 1.6 9.2+21 10.3+£3.0 9.5 +2.5%
84 72+1.5 8.2+22 73+x1.7 94+£29 8.0 +2.2%

112 7.1+£1.0 7.7+£22 72124 7.7+1.1 74+1.74

140 9.0+2.7 9.2+19 82x1.6 10.7 £3.0 9.3 +2.5%¢

163 7.0x£22 8.5+21 6317 9.1+33 7.7 + 2.6

P-Value 0.63 < 0.001
TRAP5b (ng/mL)

Day Con To Tgy Toss4 Average
0 22.7£16.6 183+£9.3 222+ 12.1 183 £8.1 20.4 +11.7°
28 349 + 38.0 243+ 159 26.6 + 15.2 29.5+15.7 28.8 +22.7%°
56 33.5+39.8 21.2+13.3 27.2+22.8 28.4+£22.7 27.6 + 25.8%
84 33.2+44.1 20.2+10.4 21.5+10.5 251+11.3 25.0 + 23.6"
112 33.5+29.1 29.7£19.1 26.4 £ 16.7 32.0+18.2 30.4 +20.7°

(Continued)
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Table 10. (Continued)

140 28.2+29.0 20.9 +£10.2 19.8 +10.1 223+7.7 22.8 +16.4
163 26.7 £ 33.4 18.6 +9.2 18.0 £9.3 18.8 £5.9 20.6 + 18.0°
P-Value 0.98 < 0.001

Abbreviations: Con, control treatment no drugs administered; Ty, group treated once on day 0 with clodronate disodium (CLO); Tgy, group treated once on day 84 with

CLO; To,s4 group treated on day 0 and 84 with CLO. Means followed by a common letter are not significantly different by the Tukey-Kramer test at the 5% level of

significance.

'Day 56 PINP data excluded from the analysis due to laboratory error and lack of sufficient samples.

https://doi.org/10.1371/journal.pone.0300360.t010

Table 11. Treatment means and SD of the remodeling ratio (BALP/CTX-I index) and resorption ratio (CTX-I/TRAP5b index).

PINP) and 56 (BALP), while CTX-I, which is a marker of osteoclast activity [71], decreased on
several days. Similarly, the BALP/CTX-I remodeling index increased on days 28 and 56, sug-
gesting further increase in bone formation on those days. This idea is supported by an increase
observed on BV/TV driven by an increase of TbTh in the TC biopsies. However, TRAP5b, a
marker of osteoclast numbers [71, 72], increased on days 28 and 112, while RANKL did not
increase during the study, indicating that there was not a significant osteoclast activation [88].
TRAP5D can be released from both mature and immature osteoclasts [72, 89]; hence, an
increase in this marker may not necessarily indicate increases in bone resorption. Moreover,
when CTX-I is evaluated in relation to TRAP5b (CTX-I/TRAP5b), it may provide a more
comprehensive understanding of the biological activity of bone resorption. The CTX-1/
TRAP5b resorption index showed a consistent decrease on days 28, 84, and 112, in similar

BALP/CTX-I index

Day Con To Tgy To.sa Average
0 0.81 £ 0.56 0.80 £ 0.56 0.93 + 0.60 0.62 £ 0.29 0.79 + 0.51°
28 1.43 +1.28 1.31 £ 0.90 1.19 £ 0.53 1.17+£0.73 1.28 +£0.83*
56 1.41 £ 1.64 1.07 £ 0.69 1.16 £ 1.02 1.13 £ 0.69 1.19 + 1.05%
84 1.25+0.77 0.94 + 0.63 0.99 + 0.61 1.00 + 0.59 1.05 + 0.64°°
112 1.35+1.26 1.12 £ 0.57 1.16 £ 0.79 1.09 + 0.62 1.18 £ 0.83%
140 1.25+1.49 0.83 +0.44 0.88 £ 0.61 0.76 £ 0.41 0.93 +0.85”
163 1.35+1.27 0.75+0.26 1.12+0.77 0.77 £ 0.46 1.00 + 0.81%°
P-Value 0.99 < 0.001
CTX-I/TRAP5D index
Day Con Ty Tgy To.s4 Average
0 0.67 £ 0.47 0.67 £ 0.46 0.52+0.27 0.67 £ 0.37 0.64 + 0.39%
28 0.36 £ 0.19 0.49 + 0.40 0.32+£0.15 0.38 £0.22 0.39 + 0.25%
56 0.63 £ 0.53 0.54 £ 0.26 0.52 £ 0.29 0.61 £ 0.57 0.58 + 0.42%
84 0.42 £ 0.25 0.51+0.28 0.39 £0.15 0.46 £ 0.28 0.45 + 0.24%
112 0.33+0.21 0.34 £ 0.18 0.36 £ 0.22 0.33 £ 0.19 0.34 +0.19°
140 0.56 £ 0.40 0.54 +0.28 0.50 £ 0.22 0.57 £ 0.33 0.54 + 0.30°°
163 0.46 + 0.27 0.53 +0.21 0.43 £ 0.20 0.55+0.34 0.49 + 0.26%
P-Value 0.84 < 0.001

Abbreviations: Con, control treatment no drugs administered; Ty, group treated once on day 0 with clodronate disodium (CLO); Tgy, group treated once on day 84 with

CLO; To,4s4 group treated on day 0 and 84 with CLO. Means followed by a common letter are not significantly different by the Tukey-Kramer test at the 5% level of

significance.

https://doi.org/10.1371/journal.pone.0300360.t011
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Fig 2. Sulfated glycosaminoglycan (GAG) content from the right proximal radius cartilage post-papain digestion
(ug GAG/mg tissue). No differences between treatments were found (p = 0.82). Abbreviations: Con, control treatment
no drugs administered; Ty, group treated once on day 0 with clodronate disodium (CLO); T4, group treated once on
day 84 with CLO; Ty, g4 group treated on day 0 and 84 with CLO.

https://doi.org/10.1371/journal.pone.0300360.9002

fashion to the response in BALP, PINP, and CTX-I. Future studies should include other mark-
ers, such as cathepsin K, which is released by mature osteoclasts only [72].

The observed changes in TC biopsies could be explained by the exercise protocol, as physi-
cal activity favors increased bone formation and decreased bone resorption, as observed in the
SBB [90]. However, TC is a non-weight bearing bone and may not respond to exercise [91].
Therefore, increases in BALP and PINP (bone formation markers), and no changes in RANKL
with decreases in CTX-I (bone resorption markers), may be more related to animal growth
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than exercise. Sheep were approximately 80% developed at the beginning of the study and
showed significant growth during the study period. Increases in BV/TV and TbTh are com-
monly found in the iliac bone of growing children [92], which is similar to the TC changes
observed in the juvenile sheep. For this reason, future studies should include a sedentary con-
trol group in order to differentiate between the effects of exercise and/or growth when using
juvenile animals.

Sex differences were observed in several parameters, including BW, height, right MCs, 4
and L4 dimensions, L4 BT, and LMC BV/TV and BMD. Sexual dimorphism is a natural char-
acteristic of this species, particularly regarding body size [93, 94]. This study utilized castrated
males. Orchiectomy leads to a decrease in sex hormones, resulting in reduced bone mass due
to decreased bone accrual during growth and increased bone resorption [95-97]. Therefore,
the reductions in LMC BV/TV and BMD of males compared to females can be explained by
the reduction of sex hormones. Furthermore, the castrated male L4 specimens exhibited
decreased compressive stress at failure and an increased modulus of elasticity compared to the
intact female L4 specimens. This apparent contradiction between decreased compressive stress
at failure and increased modulus of elasticity can be explained by the lack of circulating sex
hormones as well. Studies show that vertebrae compensate for bone loss from reduced sex hor-
mones by cranio-caudally rearranging their collagen and HAP [98, 99]. This rearrangement
results in an increased modulus of elasticity, despite a decrease in compressive stress at failure
[98, 99]. Although L4 specimens did not undergo micro-CT analysis, L3 microstructure was
analyzed and no differences between sexes were found. However, there was a trend (p = 0.06)
towards increased BV/TV in females compared to males in L3 specimens, suggesting that even
small changes in BV/TV may significantly affect the mechanical structure of the lumbar verte-
brae. Thus, castrated male L4 specimens may have experienced cranio-caudal collagen and
HAP rearrangement as a compensatory response, although this was not addressed in the pres-
ent study. Notably, no significant BMT sex differences in weight-bearing bones were found
(e.g., right MCs,,), indicating that the lack of sex hormones’ effect on weight-bearing bones
can be compensated for by physical activity [97, 100-102]. Based on our findings, future stud-
ies should consider the effects of castration influencing sex hormone levels and bone micro-
structure. This will aid in translating results from the sheep model to other species, including
humans.

In addition to the PE, lameness evaluations showed differences in the T group only, with
an increase in the probability of lameness observed on day 94. This increase is likely attributed
to a temporary increase in lameness following the bone biopsy procedure performed on day
84. In particular, one individual remained consistently lame following TC biopsy; this individ-
ual was eventually removed from the future analysis. No other increases in probability of lame-
ness were detected, suggesting that the sheep tolerated the exercise protocol well and CLO did
not result in significant lameness.

Detectable levels of CLO are achieved in synovial fluid following i.m. administration in
horses [103]. To assess the potential effect of CLO on cartilage health in juvenile, exercising
animals, GAG content was measured from cartilage samples. GAG analysis of cartilage sam-
ples from the proximal surface of the radius did not reveal treatment differences. This finding
is consistent with a previous in vitro investigation that evaluated the impact of various concen-
trations of CLO on cartilage explants, chondrocytes, and synoviocytes and found no evidence
of either cytoprotective or cytotoxic effects [104]. High doses of bisphosphonates have shown
in vitro cytotoxicity in joint tissues, such as bovine chondrocytes [105] and equine cartilage
[106]. Bisphosphonate content in the synovial fluid of joints was not measured in the current
study. Future experimental studies should explore different doses of CLO in vivo, as low doses
of CLO may provide a clinical effect without cartilage toxicity.
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Another known effect of bisphosphonates is their analgesic properties. CLO has also been
used to treat chronic pain in humans [107, 108]. Analgesic effects of CLO may be attributed to
blockade of the vesicular nucleotide transporter [109]; CLO is the strongest bisphosphonate
inhibitor of this transporter [110]. These analgesic effects are desirable in painful bone-related
conditions, such as osteogenesis imperfecta or bone cancer [107]. Bisphosphonates’ analgesia
can have long-lasting effects [107], and can be independent of antiresorptive effects [81], as
demonstrated in multiple studies where analgesic effects are found in the absence of skeletal
changes [19, 20, 46, 77, 78]. Therefore, low doses of CLO may be used as treatment for refrac-
tory pain without skeletal changes [81]. The analgesic effects of CLO were not evaluated in this
juvenile sheep model. However, future studies using this model are warranted to assess the
analgesic effects of low doses of CLO considering the lack of negative skeletal effects in grow-
ing, active individuals. This could be particularly promising for children experiencing muscu-
loskeletal pain for which long-term pain management with non-steroidal anti-inflammatories,
opioids or steroids could result in significant morbidity.

While we were able to compare treated animals to an untreated control group in the
exercising study population, without a sedentary group we are not able to identify the effect of
exercise, exercise intensity, or growth. In addition, SBB can show changes within hours after
exercise. Having more sample points may have allowed for a better characterization of the
SBB’ response over time [90]. Further, bisphosphonates may produce glomerulosclerosis
[111], and additional blood and urine samples may have helped to characterize the risk of
CLO use by exercising individuals. Finally, the sex should be considered in future studies as
castration may have influenced some skeletal outcomes.

Conclusions

In conclusion, our study found no measurable skeletal effects on juvenile, exercising sheep fol-
lowing the administration of a single or repeated dose of 0.6 mg/kg of CLO. The lack of effects
could be attributed to the lower dose used in animals. Further investigation is required to
explore bisphosphonates’ analgesic effects, as low doses of CLO may provide analgesic benefits
with minimal negative skeletal effects. Long-lasting analgesia without negative skeletal effects
may be particularly advantageous considering the morbidity associated with long term use of
other commonly used analgesics such as non-steroidal anti-inflammatories, steroids, and opi-
oids. Future studies should explore effects of sex, include a sedentary group, and investigate
additional doses in conjunction with exercise. Moreover, additional studies should investigate
the effects of more potent bisphosphonates, such as zoledronic acid, or newer bisphospho-
nates, such as lidadronate (IG9402) [2], on the skeleton of juvenile, active individuals.

Supporting information

S1 Fig. Diagram and photographs of facilities used for the exercise protocol. A: satellite
image is used to show the location of indoor pens (dark blue, 21.6 m? each), the distance
between the walker and indoor pens (light blue, 32 m of fencing), the 20 m diameter exerciser
(Q-Line Horse Exerciser, Aromas, CA, USA). B: Panoramic view of the high-speed walker. C:
Inside view of sheep walking at 1.3 m/s. Sheep walked clockwise and counterclockwise on
alternate days.

(TIFF)

S2 Fig. Placement and diagram of a right MCyyyg1v subjected to 4-point bending on an
Instron. A: Placement of the right fused third and fourth metacarpal (MCiyigqv) for four-point
bending test using electromechanical testing system (60 kN load cell, MTSCriterion, Model
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43, Eden Prairie, MN). Specimens were kept with wrapping paper to avoid dehydration and
loss of fragments after fracture failure. B: Diagram The load exerted (F) on the bone is depicted
as the Instron measures the bone’s displacement (V). L is the span length, which was 51.9 mm;
a is the distance between F and the supports on either end of the bone with a value of 3.8 mm.
Each support was 24.5 mm wide. Adapted from Logan et al. [48].

(TIFF)

S3 Fig. Preparation of vertebral bodies prior to embedding with polyurethane resin. Dis-
section from soft tissues, transverse processes, and dorsal arch.
(TIFF)

$4 Fig. 3D holder and molds used previous compressive test of lumbar spine. A: 3D printed
holder to keep cranial and caudal-leveled surfaces. B: Silicone molds and 3D print used holder
for polyurethane resin embedding (TC-808, BJB Enterprises, Tustin, CA, USA) of vertebral
bodies prior to compression tests.

(TIFF)

S5 Fig. Lateral view of fourth lumbar vertebra for electromechanical testing compressive
test. The compressive test was performed using a 100kN load cell (Instron model 5982 Nor-
wood, MA, USA) and a flat 3 mm thick metal plate.

(TIFF)

Acknowledgments

The authors would like to thank the late Jim Liesman for his contributions to the statistical
analysis and extend sincere condolences to his family and friends. The authors would also like
to thank the CANR Statistical Consulting Center for their statistical analysis support, and A.
Loucks, J. Baker, T. Collier, F. Kurtz, J. Darling, N. Peters, B. Curtis, A. Gallego, N. Hamlin, G.
Keller, and R. Agnew for their assistance in the data collection. The authors would also like to
thank the MSU Writing Center and K. Verwolf for their proofreading assistance.

Author Contributions

Conceptualization: Fernando B. Vergara-Hernandez, Brian D. Nielsen, John M. Popovich,
Jr., Cara I Robison, Richard A. Ehrhardt, Thomas H. Welsh, Jr., Amanda N. Bradbery, Jes-
sica L. Leatherwood, Aimee C. Colbath.

Data curation: Fernando B. Vergara-Hernandez, John M. Popovich, Jr., Char L. Panek, Alyssa
A. Logan, Cara I. Robison, Tyler N. Johnson, Nicholas J. Chargo, Thomas H. Welsh, Jr.,
Amanda N. Bradbery, Jessica L. Leatherwood, Aimee C. Colbath.

Formal analysis: Fernando B. Vergara-Hernandez, John M. Popovich, Jr., Cara I. Robison,
Aimee C. Colbath.

Funding acquisition: Fernando B. Vergara-Hernandez, Brian D. Nielsen, John M. Popovich,
Jr., Thomas H. Welsh, Jr., Amanda N. Bradbery, Jessica L. Leatherwood, Aimee C. Colbath.

Investigation: Fernando B. Vergara-Hernandez, Brian D. Nielsen, John M. Popovich, Jr.,
Char L. Panek, Alyssa A. Logan, Cara I. Robison, Richard A. Ehrhardt, Tyler N. Johnson,
Nicholas J. Chargo, Aimee C. Colbath.

Methodology: Fernando B. Vergara-Hernandez, Brian D. Nielsen, John M. Popovich, Jr.,
Richard A. Ehrhardt, Aimee C. Colbath.

Project administration: Aimee C. Colbath.

PLOS ONE | https://doi.org/10.1371/journal.pone.0300360  April 16, 2024 21/27


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0300360.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0300360.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0300360.s005
https://doi.org/10.1371/journal.pone.0300360

PLOS ONE

Clodronate disodium does not produce measurable effects on bone metabolism in a juvenile animal model

Resources: Brian D. Nielsen, John M. Popovich, Jr., Char L. Panek, Cara I. Robison, Aimee C.
Colbath.

Supervision: Fernando B. Vergara-Hernandez, Aimee C. Colbath.
Validation: Fernando B. Vergara-Hernandez, Aimee C. Colbath.
Visualization: Fernando B. Vergara-Hernandez, Aimee C. Colbath.
Writing - original draft: Fernando B. Vergara-Hernandez.

Writing - review & editing: Fernando B. Vergara-Hernandez, Brian D. Nielsen, John M.
Popovich, Jr., Char L. Panek, Alyssa A. Logan, Cara I. Robison, Richard A. Ehrhardt, Tyler
N. Johnson, Nicholas J. Chargo, Thomas H. Welsh, Jr., Amanda N. Bradbery, Jessica L.
Leatherwood, Aimee C. Colbath.

References

1. Burr DB. Fifty years of bisphosphonates: What are their mechanical effects on bone? Bone. 2020;
138: 115518. https://doi.org/10.1016/j.bone.2020.115518 PMID: 32622873

2. Cremers S, Drake MT, Ebetino FH, Bilezikian JP, Russell RGG. Pharmacology of bisphosphonates.
Br J Clin Pharmacol. 2019; 85: 1052—-1062. https://doi.org/10.1111/bcp.13867 PMID: 30650219

3. Russell RGG. Bisphosphonates: Mode of action and pharmacology. Pediatrics. 2007; 119: S150—
S162. https://doi.org/10.1542/peds.2006-2023H PMID: 17332236

4. LinJH. Bisphosphonates: A review of their pharmacokinetic properties. Bone. 1996; 18: 75-85.
https://doi.org/10.1016/8756-3282(95)00445-9 PMID: 8833200

5. Ding M, Day JS, Burr DB, Mashiba T, Hirano T, Weinans H, et al. Canine cancellous bone microarchi-
tecture after one year of high-dose bisphosphonates. Calcif Tissue Int. 2003; 72: 737-744. https://doi.
org/10.1007/s00223-002-2066-6 PMID: 14563003

6. BellKJL, Hayen A, Glasziou P, Irwig L, Eastell R, Harrison SL, et al. Potential usefulness of bmd and
bone turnover monitoring of zoledronic acid therapy among women with osteoporosis: Secondary
analysis of randomized controlled trial data. J Bone Miner Res. 2016; 31: 1767—1773. https://doi.org/
10.1002/jomr.2847 PMID: 27027655

7. Grey A, Bolland MJ, Horne A, Wattie D, House M, Gamble G, et al. Five years of anti-resorptive activity
after a single dose of zoledronate—results from a randomized double-blind placebo-controlled trial.
Bone. 2012; 50: 1389—-1393. https://doi.org/10.1016/j.bone.2012.03.016 PMID: 22465268

8. Allen MR, lwata 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: 872—879. https://doi.org/10.1016/j.bone.2006.04.028
PMID: 16765660

9. Mashiba T, Turner CH, Hirano T, Forwood MR, Johnston CC, Burr DB. Effects of suppressed bone
turnover by bisphosphonates on microdamage accumulation and biomechanical properties in clinically
relevant skeletal sites in beagles. Bone. 2001; 28: 524-531. https://doi.org/10.1016/s8756-3282(01)
00414-8 PMID: 11344052

10. Khosla S, Bilezikian JP, Dempster DW, Lewiecki EM, Miller PD, Neer RM, et al. Benefits and risks of
bisphosphonate therapy for osteoporosis. J Clin Endocrinol Metab. 2012; 97: 2272-2282. https://doi.
org/10.1210/jc.2012-1027 PMID: 22523337

11. Anastasilakis AD, Polyzos SA, Makras P. Review Denosumab vs bisphosphonates for the treatment
of postmenopausal osteoporosis. Eur J Endocrinol. 2018; 179: 31—45. https://doi.org/10.1530/EJE-
18-0056 PMID: 29691303

12. D’Eufemia P, Finocchiaro R, Celli M, Zambrano A, Tetti M, Villani C, et al. High levels of serum prosta-
glandin E2 in children with osteogenesis imperfecta are reduced by neridronate treatment. Pediatr
Res. 2008; 63: 203—206. https://doi.org/10.1203/PDR.0b013e31815efd63 PMID: 18091347

13. Garganta MD, Jaser SS, Lazow MA, Schoenecker JG, Cobry E, Hays SR, et al. Cyclic bisphospho-
nate therapy reduces pain and improves physical functioning in children with osteogenesis imperfecta.
BMC Musculoskelet Disord. 2018; 19: 1-7. https://doi.org/10.1186/S12891-018-2252-Y PMID:
30249227

PLOS ONE | https://doi.org/10.1371/journal.pone.0300360  April 16, 2024 22/27


https://doi.org/10.1016/j.bone.2020.115518
http://www.ncbi.nlm.nih.gov/pubmed/32622873
https://doi.org/10.1111/bcp.13867
http://www.ncbi.nlm.nih.gov/pubmed/30650219
https://doi.org/10.1542/peds.2006-2023H
http://www.ncbi.nlm.nih.gov/pubmed/17332236
https://doi.org/10.1016/8756-3282%2895%2900445-9
http://www.ncbi.nlm.nih.gov/pubmed/8833200
https://doi.org/10.1007/s00223-002-2066-6
https://doi.org/10.1007/s00223-002-2066-6
http://www.ncbi.nlm.nih.gov/pubmed/14563003
https://doi.org/10.1002/jbmr.2847
https://doi.org/10.1002/jbmr.2847
http://www.ncbi.nlm.nih.gov/pubmed/27027655
https://doi.org/10.1016/j.bone.2012.03.016
http://www.ncbi.nlm.nih.gov/pubmed/22465268
https://doi.org/10.1016/j.bone.2006.04.028
http://www.ncbi.nlm.nih.gov/pubmed/16765660
https://doi.org/10.1016/s8756-3282%2801%2900414-8
https://doi.org/10.1016/s8756-3282%2801%2900414-8
http://www.ncbi.nlm.nih.gov/pubmed/11344052
https://doi.org/10.1210/jc.2012-1027
https://doi.org/10.1210/jc.2012-1027
http://www.ncbi.nlm.nih.gov/pubmed/22523337
https://doi.org/10.1530/EJE-18-0056
https://doi.org/10.1530/EJE-18-0056
http://www.ncbi.nlm.nih.gov/pubmed/29691303
https://doi.org/10.1203/PDR.0b013e31815efd63
http://www.ncbi.nlm.nih.gov/pubmed/18091347
https://doi.org/10.1186/S12891-018-2252-Y
http://www.ncbi.nlm.nih.gov/pubmed/30249227
https://doi.org/10.1371/journal.pone.0300360

PLOS ONE Clodronate disodium does not produce measurable effects on bone metabolism in a juvenile animal model

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Castillo H, Samson-Fang L. Effects of bisphosphonates in children with osteogenesis imperfecta: an
AACPDM systematic review. Dev Med Child Neurol. 2009; 51: 17-29. https://doi.org/10.1111/j.1469-
8749.2008.03222.x PMID: 19087101

Baykan EK, Saygili LF, Erdogan M, Cetinkalp S, Ozgen AG, Yilmaz C. Efficacy of zoledronic acid
treatment in Paget disease of bone. Osteoporos Int. 2014; 25: 2221-2223. https://doi.org/10.1007/
s00198-014-2752-z PMID: 24899102

Reid IR, Davidson JS, Wattie D, Wu F, Lucas J, Gamble GD, et al. Comparative responses of bone
turnover markers to bisphosphonate therapy in Paget’s disease of bone. Bone. 2004; 35: 224—230.
https://doi.org/10.1016/j.bone.2004.03.023 PMID: 15207761

Tomlin JL, Sturgeon C, Pead MJ, Muir P. Use of the bisphosphonate drug alendronate for palliative
management of osteosarcoma in two dogs. Vet Rec. 2000; 147: 129—132. https://doi.org/10.1136/vr.
147.5.129 PMID: 10958534

Whitney JL, Barrs VRD, Wilkinson MR, Briscoe KA, Beatty JA. Use of bisphosphonates to treat severe
idiopathic hypercalcaemia in a young Ragdoll cat. J Feline Med Surg. 2011; 13: 129-134. https://doi.
org/10.1016/}.jfms.2010.09.011 PMID: 21036642

Arguelles D, Saitua A, de Medina AS, Muiioz JA, Mufioz A. Clinical efficacy of clodronic acid in horses
diagnosed with navicular syndrome: A field study using objective and subjective lameness evaluation.
Res Vet Sci. 2019; 125: 298-304. https://doi.org/10.1016/j.rvsc.2019.07.018 PMID: 31351199

Denoix JM, Thibaud D, Riccio B. Tiludronate as a new therapeutic agent in the treatment of navicular
disease: a double-blind placebo-controlled clinical trial. Equine Vet J. 2003; 35: 407—413. https://doi.
org/10.2746/042516403776014226 PMID: 12880010

Gordon RJ, Gordon CM. Adolescents and bone health. Clin Obstet Gynecol. 2020; 63: 504-511.
https://doi.org/10.1097/GRF.0000000000000548 PMID: 32516152

Nazem TG, Ackerman KE. The female athlete triad. Sports Health. 2012; 4: 302-311. https://doi.org/
10.1177/1941738112439685 PMID: 23016101

Fredericson M, Kussman A, Misra M, Barrack MT, De Souza MJ, Kraus E, et al. The male athlete
triad—a consensus statement from the female and male athlete triad coalition part II: diagnosis, treat-
ment, and return-to-play. Clin J Sport Med. 2021; 31: 349-366. https://doi.org/10.1097/JSM.
0000000000000948 PMID: 34091538

Suva LJ, Cooper A, Watts AE, Ebetino FH, Price J, Gaddy D. Bisphosphonates in veterinary medicine:
The new horizon for use. Bone. 2021; 142: 115711. https://doi.org/10.1016/j.bone.2020.115711
PMID: 33141069

Vergara-Hernandez FB, Nielsen BD, Colbath AC. Is the use of bisphosphonates putting horses at
risk? An osteoclast perspective. Animals. 2022; 12: 12131722. https://doi.org/10.3390/ani12131722
PMID: 35804621

Tischmacher A, Wilford S, Allen K, Mitchell RD, Parkin T, Denoix J-M. Retrospective analysis of the
use of tiludronate in equine practice: safety on 1804 horses, efficacy on 343 horses. J Equine Vet Sci.
2022; 104007. https://doi.org/10.1016/j.jevs.2022.104007 PMID: 35577109

Beckstett A. Take-homes from veterinarian roundtable on bisphosphonate use in horses—The Horse.
[Cited 2022 May 14]. Available from: https://thehorse.com/184900/take-homes-from-veterinarian-
roundtable-on-bisphosphonate-use-in-horses/

Mitchell A, Watts AE, Ebetino FH, Suva LJ. Bisphosphonate use in the horse: What is good and what
is not? BMC Vet Res. 2019; 15: 1-7. hitps://doi.org/10.1186/S12917-019-1966-X PMID: 31234844

Langdahl B, Ferrari S, Dempster DW. Bone modeling and remodeling: Potential as therapeutic targets
for the treatment of osteoporosis. Ther Adv Musculoskelet Dis. 2016; 8: 225-235. https://doi.org/10.
1177/1759720X16670154 PMID: 28255336

Gilday R, Richard H, Beauchamp G, Fogarty U, Laverty S. Abundant osteoclasts in the subchondral
bone of the juvenile Thoroughbred metacarpus suggest an important role in joint maturation. Equine
Vet J. 2020; 52: 733-742. https://doi.org/10.1111/evj.13235 PMID: 31972056

Allen MR, Burr DB. Bone growth, modeling, and remodeling. In: Allen MR, Burr DB, editors. Basic and
applied bone biology. San Diego: Academic Press; 2019. Pp. 85—100.

Whyte MP, McAlister WH, Novack D V., Clements KL, Schoenecker PL, Wenkert D. Bisphosphonate-
induced osteopetrosis: Novel bone modeling defects, metaphyseal osteopenia, and osteosclerosis
fractures after drug exposure ceases. J Bone Miner Res. 2008; 23: 1698—-1707. https://doi.org/10.
1359/jbmr.080511 PMID: 18505375

Marini JC. Use of bisphosphonates in children-proceed with caution. Nat Rev Endocrinol. 2009; 5:
241-243. https://doi.org/10.1038/nrendo.2009.58 PMID: 19444252

PLOS ONE | https://doi.org/10.1371/journal.pone.0300360  April 16, 2024 23/27


https://doi.org/10.1111/j.1469-8749.2008.03222.x
https://doi.org/10.1111/j.1469-8749.2008.03222.x
http://www.ncbi.nlm.nih.gov/pubmed/19087101
https://doi.org/10.1007/s00198-014-2752-z
https://doi.org/10.1007/s00198-014-2752-z
http://www.ncbi.nlm.nih.gov/pubmed/24899102
https://doi.org/10.1016/j.bone.2004.03.023
http://www.ncbi.nlm.nih.gov/pubmed/15207761
https://doi.org/10.1136/vr.147.5.129
https://doi.org/10.1136/vr.147.5.129
http://www.ncbi.nlm.nih.gov/pubmed/10958534
https://doi.org/10.1016/j.jfms.2010.09.011
https://doi.org/10.1016/j.jfms.2010.09.011
http://www.ncbi.nlm.nih.gov/pubmed/21036642
https://doi.org/10.1016/j.rvsc.2019.07.018
http://www.ncbi.nlm.nih.gov/pubmed/31351199
https://doi.org/10.2746/042516403776014226
https://doi.org/10.2746/042516403776014226
http://www.ncbi.nlm.nih.gov/pubmed/12880010
https://doi.org/10.1097/GRF.0000000000000548
http://www.ncbi.nlm.nih.gov/pubmed/32516152
https://doi.org/10.1177/1941738112439685
https://doi.org/10.1177/1941738112439685
http://www.ncbi.nlm.nih.gov/pubmed/23016101
https://doi.org/10.1097/JSM.0000000000000948
https://doi.org/10.1097/JSM.0000000000000948
http://www.ncbi.nlm.nih.gov/pubmed/34091538
https://doi.org/10.1016/j.bone.2020.115711
http://www.ncbi.nlm.nih.gov/pubmed/33141069
https://doi.org/10.3390/ani12131722
http://www.ncbi.nlm.nih.gov/pubmed/35804621
https://doi.org/10.1016/j.jevs.2022.104007
http://www.ncbi.nlm.nih.gov/pubmed/35577109
https://thehorse.com/184900/take-homes-from-veterinarian-roundtable-on-bisphosphonate-use-in-horses/
https://thehorse.com/184900/take-homes-from-veterinarian-roundtable-on-bisphosphonate-use-in-horses/
https://doi.org/10.1186/S12917-019-1966-X
http://www.ncbi.nlm.nih.gov/pubmed/31234844
https://doi.org/10.1177/1759720X16670154
https://doi.org/10.1177/1759720X16670154
http://www.ncbi.nlm.nih.gov/pubmed/28255336
https://doi.org/10.1111/evj.13235
http://www.ncbi.nlm.nih.gov/pubmed/31972056
https://doi.org/10.1359/jbmr.080511
https://doi.org/10.1359/jbmr.080511
http://www.ncbi.nlm.nih.gov/pubmed/18505375
https://doi.org/10.1038/nrendo.2009.58
http://www.ncbi.nlm.nih.gov/pubmed/19444252
https://doi.org/10.1371/journal.pone.0300360

PLOS ONE Clodronate disodium does not produce measurable effects on bone metabolism in a juvenile animal model

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Khan AA, Sandor GKB, Dore E, Morrison AD, Alsahli M, Amin F, et al. Bisphosphonate associated
osteonecrosis of the jaw. J Rheumatol. 2009; 36: 478—490. https://doi.org/10.3899/jrheum.080759
PMID: 19286860

Khosla S, Burr D, Cauley J, Dempster DW, Ebeling PR, Felsenberg D, et al. Bisphosphonate-associ-
ated osteonecrosis of the jaw: Report of a task force of the American society for bone and mineral
research. J Bone Miner Res. 2007; 22: 1479—1491. https://doi.org/10.1359/jbmr.07070onj PMID:
17663640

Brock GR, Chen JT, Ingraffea AR, MacLeay J, Pluhar GE, Boskey AL, et al. The effect of osteoporosis
treatments on fatigue properties of cortical bone tissue. Bone Rep. 2015; 2: 8—13. https://doi.org/10.
1016/j.bonr.2014.10.004 PMID: 25642445

Voss PJ, Stoddart M, Ziebart T, Zeiter S, Nelson K, Bittermann G, et al. Zoledronate induces osteone-
crosis of the jaw in sheep. J Craniomaxillofac Surg. 2015; 43: 1133-1138. https://doi.org/10.1016/j.
jcms.2015.04.020 PMID: 26154396

Davison MR, Lyardet L, Preliasco M, Yaful G, Torres P, Bonanno MS, et al. Aminobisphosphonate-
treated ewes as a model of osteonecrosis of the jaw and of dental implant failure. J Periodontol. 2020;
91: 628-637. https://doi.org/10.1002/JPER.19-0213 PMID: 31755105

Larson MJ, Oakes AB, Epperson E, Chew DJ. Medication-related osteonecrosis of the jaw after long-
term bisphosphonate treatment in a cat. J Vet Intern Med. 2019; 33: 862—-867. https://doi.org/10.1111/
jvim.15409 PMID: 30663796

Rogers-Smith E, Whitley N, Elwood C, Reese D, Wong P. Suspected bisphosphate-related osteone-
crosis of the jaw in a cat being treated with alendronate for idiopathic hypercalcaemia. Vet Rec Case
Rep. 2019; 7: e000798. https://doi.org/10.1136/vetreccr-2018-000798

Council N, Dyce J, Drost WT, de Brito Galvao JF, Rosol TJ, Chew DJ. Bilateral patellar fractures and
increased cortical bone thickness associated with long-term oral alendronate treatment in a cat. J
Feline Med Surg. 2017; 3: 1-6. https://doi.org/10.1177/2055116917727137 PMID: 28890795

Pautke C, Kreutzer K, Weitz J, Kndédler M, Miinzel D, Wexel G, et al. Bisphosphonate related osteone-
crosis of the jaw: A minipig large animal model. Bone. 2012; 51: 592-599. https://doi.org/10.1016/j.
bone.2012.04.020 PMID: 22575441

Logan AA, Nielsen BD, Hiney KM, Robison Cl, Manfredi JM, Buskirk DD, et al. The impact of circular
exercise diameter on bone and joint health of juvenile animals. Animals. 2022; 12: 1379. https://doi.
org/10.3390/ani12111379 PMID: 35681842

Vergara-Hernandez FB, Nielsen BD, Panek CL, Robison Cl, Colbath AC. Exercising sheep as a pre-
clinical model for musculoskeletal research. Am J Vet Res. 2023; 1-8. https://doi.org/10.2460/ajvr.23.
09.0209 PMID: 38113645

Vernon KL, Riggs L, Coverdale J, Bodine AB, Gibbons J. The effects of forced exercise on collagen
type Il fragments, lysyl oxidase concentrations, and total protein concentrations in sera and synovial
fluid of lambs. J Equine Vet Sci. 2010; 30: 266—274. https://doi.org/10.1016/J.JEVS.2010.03.001

Food and Drug Administration. Freedom of information summary, original, new animal drug applica-
tion: NADA 141-427, Osphos, clodronate injection, Horse. 2014. [Cited 2022 May 4]. Available from:
https://animaldrugsatfda.fda.gov/adafda/app/search/public/document/downloadFoi/923

Frevel M, King BL, Kolb DS, Boswell RP, Shoemaker RS, Janicek JC, et al. Clodronate disodium for
treatment of clinical signs of navicular disease-a double-blinded placebo-controlled clinical trial. Pfer-
deheilkunde. 2017; 33: 271-279. https://doi.org/10.21836/PEM20170308

Vergara-Hernandez FB, Nielsen BD, Kottwitz JJ, Panek CL, Robison Cl, Paris BL, et al. Pharmacoki-
netics and plasma protein binding of a single dose of clodronate disodium are similar for juvenile
sheep and horses. Am J Vet Res. 2023; 84; 1-7. https://doi.org/10.2460/ajvr.23.03.0051 PMID:
37460095

du Sert NP, Hurst V, Ahluwalia A, Alam S, Avey MT, Baker M, et al. The arrive guidelines 2.0: Updated
guidelines for reporting animal research. PLoS Biol. 2020; 18: 1—12. hitps://doi.org/10.1371/journal.
pbio.3000410 PMID: 32663219

Oberbauer AM, Currie WB, Krook L, Thonney ML. Endocrine and histologic correlates of the dynamics
of the metacarpal growth plate in growing rams. J Anim Sci. 1989; 67: 3124-3125. https://doi.org/10.
2527/jas1989.67113124x PMID: 2687220

Kilborn SH, Trudel G, Uhthoff H. Review of growth plate closure compared with age at sexual maturity
and lifespan in laboratory animals, Contemp Top Lab Anim Sci. 2002; 41: 266—274. PMID: 12213043

Kaler J, Wassink GJ, Green LE. The inter- and intra-observer reliability of a locomotion scoring scale
for sheep. Vet J. 2009; 180: 189—-194. https://doi.org/10.1016/j.tvjl.2007.12.028 PMID: 18308594

PLOS ONE | https://doi.org/10.1371/journal.pone.0300360  April 16, 2024 24/27


https://doi.org/10.3899/jrheum.080759
http://www.ncbi.nlm.nih.gov/pubmed/19286860
https://doi.org/10.1359/jbmr.0707onj
http://www.ncbi.nlm.nih.gov/pubmed/17663640
https://doi.org/10.1016/j.bonr.2014.10.004
https://doi.org/10.1016/j.bonr.2014.10.004
http://www.ncbi.nlm.nih.gov/pubmed/25642445
https://doi.org/10.1016/j.jcms.2015.04.020
https://doi.org/10.1016/j.jcms.2015.04.020
http://www.ncbi.nlm.nih.gov/pubmed/26154396
https://doi.org/10.1002/JPER.19-0213
http://www.ncbi.nlm.nih.gov/pubmed/31755105
https://doi.org/10.1111/jvim.15409
https://doi.org/10.1111/jvim.15409
http://www.ncbi.nlm.nih.gov/pubmed/30663796
https://doi.org/10.1136/vetreccr-2018-000798
https://doi.org/10.1177/2055116917727137
http://www.ncbi.nlm.nih.gov/pubmed/28890795
https://doi.org/10.1016/j.bone.2012.04.020
https://doi.org/10.1016/j.bone.2012.04.020
http://www.ncbi.nlm.nih.gov/pubmed/22575441
https://doi.org/10.3390/ani12111379
https://doi.org/10.3390/ani12111379
http://www.ncbi.nlm.nih.gov/pubmed/35681842
https://doi.org/10.2460/ajvr.23.09.0209
https://doi.org/10.2460/ajvr.23.09.0209
http://www.ncbi.nlm.nih.gov/pubmed/38113645
https://doi.org/10.1016/J.JEVS.2010.03.001
https://animaldrugsatfda.fda.gov/adafda/app/search/public/document/downloadFoi/923
https://doi.org/10.21836/PEM20170308
https://doi.org/10.2460/ajvr.23.03.0051
http://www.ncbi.nlm.nih.gov/pubmed/37460095
https://doi.org/10.1371/journal.pbio.3000410
https://doi.org/10.1371/journal.pbio.3000410
http://www.ncbi.nlm.nih.gov/pubmed/32663219
https://doi.org/10.2527/jas1989.67113124x
https://doi.org/10.2527/jas1989.67113124x
http://www.ncbi.nlm.nih.gov/pubmed/2687220
http://www.ncbi.nlm.nih.gov/pubmed/12213043
https://doi.org/10.1016/j.tvjl.2007.12.028
http://www.ncbi.nlm.nih.gov/pubmed/18308594
https://doi.org/10.1371/journal.pone.0300360

PLOS ONE Clodronate disodium does not produce measurable effects on bone metabolism in a juvenile animal model

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Bishop R, McLeod D, Mcllveen S, Blake R, Gunther R, Davis J, et al. Effects of graded exercise on
bronchial blood flow and airway dimensions in sheep. Pulm Pharmacol Ther. 2007; 20: 178-189.
https://doi.org/10.1016/j.pupt.2006.03.003 PMID: 16750924

Billinghurst RC, Brama PAJ, van Weeren PR, Knowlton MS, Mcllwraith CW. Significant exercise-
related changes in the serum levels of two biomarkers of collagen metabolism in young horses. Osteo-
arthritis Cartilage. 2003; 11: 760—769. https://doi.org/10.1016/s1063-4584(03)00152-3 PMID:
13129696

Hiney KM, Potter GD, Gibbs PG, Bloomfield SM. Response of serum biomechanical markers of bone
metabolism to training in the juvenile racehorse. J Equine Vet Sci. 2000; 20: 851-857. https://doi.org/
10.1016/S0737-0806(00)80116-1

Portero-Muzy NR, Chavassieux PM, Bouxsein ML, Gineyts E, Garnero P, Chapurlat RD. Early effects
of zoledronic acid and teriparatide on bone microarchitecture, remodeling and collagen crosslinks:
Comparison between iliac crest and lumbar vertebra in ewes. Bone. 2012; 51: 714-719. https://doi.
org/10.1016/j.bone.2012.07.004 PMID: 22796591

Robison Cl, Karcher DM. Analytical bone calcium and bone ash from mature laying hens correlates to
bone mineral content calculated from quantitative computed tomography scans. Poult Sci. 2019; 98:
3611-3616. https://doi.org/10.3382/ps/pez165 PMID: 31321433

Zarrinkalam MR, Beard H, Schultz CG, Moore RJ. Validation of the sheep as a large animal model for
the study of vertebral osteoporosis. Eur Spine J. 2009; 18: 244—253. https://doi.org/10.1007/s00586-
008-0813-8 PMID: 19015899

Logan AA, Nielsen BD, Robison Cl, Manfredi JM, Buskirk DD, Schott HC, et al. Calves, as a model for
juvenile horses, need only one sprint per week to experience increased bone strength. J Anim Sci.
2019; 97: 3300—3312. https://doi.org/10.1093/jas/skz202 PMID: 31231753

Otsu N. A threshold selection method from gray-level histograms. IEEE Trans Syst Man Cybern.
1979; 9: 62—66. https://doi.org/10.1109/TSMC.1979.4310076

Gomez W, Sales E, Lopes RT, Pereira WCA. A comparative study of automatic thresholding
approaches for 3D x-ray microtomography of trabecular bone. Med Phys. 2013; 40: 091903. https://
doi.org/10.1118/1.4817235 PMID: 24007154

Benjavongkulchai S, Davies C, Cunningham C. Effects of volume of interest (VOI) size on trabecular
bone quantification in the juvenile distal femur. J Musculoskelet Res. 2023; 26: 2250026. https://doi.
org/10.1142/S0218957722500269

Shim J, lwaya C, Ambrose CG, Suzuki A, lwata J. Micro-computed tomography assessment of bone
structure in aging mice. Sci Rep. 2022; 12: 8117. https://doi.org/10.1038/s41598-022-11965-4 PMID:
35581227

Das Neves Borges P, Vincent TL, Marenzana M. Automated assessment of bone changes in cross-
sectional micro-CT studies of murine experimental osteoarthritis. PLoS One. 2017; 12: e0174294.
https://doi.org/10.1371/journal.pone.0174294 PMID: 28334010

Micheletti C, Jolic M, Grandfield K, Shah FA, Palmquist A. Bone structure and composition in a hyper-
glycemic, obese, and leptin receptor-deficient rat: Microscale characterization of femur and calvarium.
Bone. 2023; 172: 116747. https://doi.org/10.1016/j.bone.2023.116747 PMID: 37028238

Reznikov N, Alsheghri AA, Piché N, Gendron M, Desrosiers C, Morozoval |, et al. Altered topological
blueprint of trabecular bone associates with skeletal pathology in humans. Bone Rep. 2020; 12:
100264. https://doi.org/10.1016/j.bonr.2020.100264 PMID: 32420414

Buie HR, Campbell GM, Klinck RJ, MacNeil JA, Boyd SK. Automatic segmentation of cortical and tra-
becular compartments based on a dual threshold technique for in vivo micro-CT bone analysis. Bone.
2007; 41: 505-515. hitps://doi.org/10.1016/j.bone.2007.07.007 PMID: 17693147

Camassa JA, Diogo CC, Sousa CP, Azevedo JT, Viegas CA, Reis RL, et al. Bone turnover markers in
sheep and goat: A review of the scientific literature. An Acad Bras Cienc. 2017; 89: 231-245. https://
doi.org/10.1590/0001-3765201720160407 PMID: 28273244

Liesegang A, Huttenmoser D, Risteli J, Leiber F, Kreuzer M, Wanner M. Influence of high-altitude graz-
ing on bone metabolism of growing sheep. J Anim Physiol Anim Nutr. 2011; 58—66. https://doi.org/10.
1111/j.1439-0396.2011.01242.x PMID: 21992062

Willems H, Leiber F, Kohler M, Kreuzer M, Liesegang A. Altitude, pasture type, and sheep breed affect
bone metabolism and serum 25-hydroxyvitamin D in grazing lambs. J Appl Physiol. 2013; 114: 1441—
1450. https://doi.org/10.1152/japplphysiol.01289.2012 PMID: 23471950

Rissanen JP, Suominen MI, Peng Z, Halleen JM. Secreted tartrate-resistant acid phosphatase 5b is a
marker of osteoclast number in human osteoclast cultures and the rat ovariectomy model. Calcif Tis-
sue Int. 2008; 82: 108—115. https://doi.org/10.1007/s00223-007-9091-4 PMID: 18084692

PLOS ONE | https://doi.org/10.1371/journal.pone.0300360  April 16, 2024 25/27


https://doi.org/10.1016/j.pupt.2006.03.003
http://www.ncbi.nlm.nih.gov/pubmed/16750924
https://doi.org/10.1016/s1063-4584%2803%2900152-3
http://www.ncbi.nlm.nih.gov/pubmed/13129696
https://doi.org/10.1016/S0737-0806%2800%2980116-1
https://doi.org/10.1016/S0737-0806%2800%2980116-1
https://doi.org/10.1016/j.bone.2012.07.004
https://doi.org/10.1016/j.bone.2012.07.004
http://www.ncbi.nlm.nih.gov/pubmed/22796591
https://doi.org/10.3382/ps/pez165
http://www.ncbi.nlm.nih.gov/pubmed/31321433
https://doi.org/10.1007/s00586-008-0813-8
https://doi.org/10.1007/s00586-008-0813-8
http://www.ncbi.nlm.nih.gov/pubmed/19015899
https://doi.org/10.1093/jas/skz202
http://www.ncbi.nlm.nih.gov/pubmed/31231753
https://doi.org/10.1109/TSMC.1979.4310076
https://doi.org/10.1118/1.4817235
https://doi.org/10.1118/1.4817235
http://www.ncbi.nlm.nih.gov/pubmed/24007154
https://doi.org/10.1142/S0218957722500269
https://doi.org/10.1142/S0218957722500269
https://doi.org/10.1038/s41598-022-11965-4
http://www.ncbi.nlm.nih.gov/pubmed/35581227
https://doi.org/10.1371/journal.pone.0174294
http://www.ncbi.nlm.nih.gov/pubmed/28334010
https://doi.org/10.1016/j.bone.2023.116747
http://www.ncbi.nlm.nih.gov/pubmed/37028238
https://doi.org/10.1016/j.bonr.2020.100264
http://www.ncbi.nlm.nih.gov/pubmed/32420414
https://doi.org/10.1016/j.bone.2007.07.007
http://www.ncbi.nlm.nih.gov/pubmed/17693147
https://doi.org/10.1590/0001-3765201720160407
https://doi.org/10.1590/0001-3765201720160407
http://www.ncbi.nlm.nih.gov/pubmed/28273244
https://doi.org/10.1111/j.1439-0396.2011.01242.x
https://doi.org/10.1111/j.1439-0396.2011.01242.x
http://www.ncbi.nlm.nih.gov/pubmed/21992062
https://doi.org/10.1152/japplphysiol.01289.2012
http://www.ncbi.nlm.nih.gov/pubmed/23471950
https://doi.org/10.1007/s00223-007-9091-4
http://www.ncbi.nlm.nih.gov/pubmed/18084692
https://doi.org/10.1371/journal.pone.0300360

PLOS ONE Clodronate disodium does not produce measurable effects on bone metabolism in a juvenile animal model

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92,

Henriksen K, Christiansen CL, Henriksen K, Tanko LB, Qvist P, Delmas PD, et al. Assessment of oste-
oclast number and function: Application in the development of new and improved treatment modalities
for bone diseases. Osteoporos Int. 2007; 18: 681-685. https://doi.org/10.1007/s00198-006-0286-8
PMID: 17124552

Fenton JI, Chlebek-Brown KA, Caron JP, Orth MW. Effect of glucosamine on interleukin-1-conditioned
articular cartilage. Equine Vet J. 2002; 34: 219-223. https://doi.org/10.1111/j.2042-3306.2002.
tb05422.x PMID: 12405690

Chandrasekhar S, Esterman MA, Hoffman HA. Microdetermination of proteoglycans and glycosami-
noglycans in the presence of guanidine hydrochloride. Anal Biochem. 1987; 161: 103—108. https://doi.
org/10.1016/0003-2697(87)90658-0 PMID: 3578776

Maruotti N, Corrado A, Neve A, Cantatore FP. Bisphosphonates: effects on osteoblast. Eur J Clin
Pharmacol. 2012; 68: 1013-1018. https://doi.org/10.1007/s00228-012-1216-7 PMID: 22318756

Richbourg HA, Mitchell CF, Gillett AN, McNulty MA. Tiludronate and clodronate do not affect bone
structure or remodeling kinetics over a 60 day randomized trial. BMC Vet Res. 2018; 14: 105. https://
doi.org/10.1186/s12917-018-1423-2 PMID: 29554967

Mitchell A, Wright G, Sampson SN, Martin M, Cummings K, Gaddy D, et al. Clodronate improves
lameness in horses without changing bone turnover markers. Equine Vet J. 2019; 51: 356-363.
https://doi.org/10.1111/evj.13011 PMID: 30153345

Food and Drug Administration. Freedom of information summary, original new animal drug application:
NADA 141-420 Tildren tiludronate disodium, powder for injection. 2014. [Cited 2022 May 26]. Avail-
able from: https://animaldrugsatfda.fda.gov/adafda/app/search/public/document/downloadFoi/918

Frediani B, Bertoldi |. Clodronate: New directions of use. Clin Cases Miner Bone Metab. 2015; 12: 97—
108. https://doi.org/10.11138/ccmbm/2015.12.2.097 PMID: 26604933

Allen MR. Recent advances in understanding bisphosphonate effects on bone mechanical properties.
Curr Osteoporos Rep. 2018; 198-204. https://doi.org/10.1007/s11914-018-0430-3 PMID: 29497927

Kim S, Seiryu M, Okada S, Kuroishi T, Takano-Yamamoto T, Sugawara S, et al. Analgesic effects of
the non-nitrogen-containing bisphosphonates etidronate and clodronate, independent of anti-resorp-
tive effects on bone. Eur J Pharmacol. 2013; 699: 14-22. https://doi.org/10.1016/j.ejphar.2012.11.031
PMID: 23201069

Russell RGG. Determinants of structure—function relationships among bisphosphonates. Bone. 2007;
40: S21-S25. https://doi.org/10.1016/J.BONE.2007.03.002

Soto SA, Chiappe Barbara A. Bisphosphonates: Pharmacology and clinical approach to their use in
equine osteoarticular diseases. J Equine Vet Sci. 2014; 34: 727-737. https://doi.org/10.1016/J.JEVS.
2014.01.009

Poortmans JR, Ouchinsky M. Glomerular filtration rate and albumin excretion after maximal exercise
in aging sedentary and active men. J Gerontol. 2006; 61A: 1181-1185. https://doi.org/10.1093/
gerona/61.11.1181 PMID: 17167160

Stabley JN, Moningka NC, Behnke BJ, Delp MD. Exercise training augments regional bone and mar-
row blood flow during exercise. Med Sci Sports Exerc. 2014; 46: 2107—2112. https://doi.org/10.1249/
MSS.0000000000000342 PMID: 24658222

Lin JH, Chen IW, Duggan DE. Effects of dose, sex, and age on the disposition of alendronate, a potent
antiosteolytic bisphosphonate, in rats. Drug Metab Dispos. 1992; 20 473-478. PMID: 1356720

Usui T, Watanabe T, Higuchi S. Effect of dose, sex and age on the drug disposition of incadronate, a
new bisphosphonate, in rat bone. Pharmacol Toxicol. 1996; 79: 254-258. https://doi.org/10.1111/.
1600-0773.1996.t000269.x PMID: 8936559

Bellido T, Plotkin LI, Bruzzaniti A. Bone cells. In: Allen MR, Burr DB, editors. Basic and applied bone
biology. San Diego: Academic Press; 2019. pp. 37-55.

Karsdal MA, Hjorth P, Henriksen K, Kirkegaard T, Nielsen KL, Lou H, et al. Transforming growth fac-
tor-B controls human osteoclastogenesis through the p38 MAPK and regulation of RANK expression.
J Biol Chem. 2003; 278: 44975-44987. https://doi.org/10.1074/jbc.M303905200 PMID: 12933809

Nielsen BD, Spooner HS. Small changes in exercise, not nutrition, often result in measurable changes
in bone. Comp Exerc Physiol. 2008; 5: 15-20. https://doi.org/10.1017/S1478061508914493

Tommerup LJ, Raab DM, Crenshaw TD, Smith EL. Does weight-bearing exercise affect non-weight-
bearing bone? J Bone Miner Res. 1993; 8: 1053—1058. https://doi.org/10.1002/jbmr.5650080905
PMID: 8237474

Glorieux FH, Travers R, Taylor A, Bowen JR, Rauch F, Norman M, et al. Normative data for iliac bone
histomorphometry in growing children. Bone. 2000; 26: 103—109. https://doi.org/10.1016/s8756-3282
(99)00257-4 PMID: 10678403

PLOS ONE | https://doi.org/10.1371/journal.pone.0300360  April 16, 2024 26/27


https://doi.org/10.1007/s00198-006-0286-8
http://www.ncbi.nlm.nih.gov/pubmed/17124552
https://doi.org/10.1111/j.2042-3306.2002.tb05422.x
https://doi.org/10.1111/j.2042-3306.2002.tb05422.x
http://www.ncbi.nlm.nih.gov/pubmed/12405690
https://doi.org/10.1016/0003-2697%2887%2990658-0
https://doi.org/10.1016/0003-2697%2887%2990658-0
http://www.ncbi.nlm.nih.gov/pubmed/3578776
https://doi.org/10.1007/s00228-012-1216-7
http://www.ncbi.nlm.nih.gov/pubmed/22318756
https://doi.org/10.1186/s12917-018-1423-2
https://doi.org/10.1186/s12917-018-1423-2
http://www.ncbi.nlm.nih.gov/pubmed/29554967
https://doi.org/10.1111/evj.13011
http://www.ncbi.nlm.nih.gov/pubmed/30153345
https://animaldrugsatfda.fda.gov/adafda/app/search/public/document/downloadFoi/918
https://doi.org/10.11138/ccmbm/2015.12.2.097
http://www.ncbi.nlm.nih.gov/pubmed/26604933
https://doi.org/10.1007/s11914-018-0430-3
http://www.ncbi.nlm.nih.gov/pubmed/29497927
https://doi.org/10.1016/j.ejphar.2012.11.031
http://www.ncbi.nlm.nih.gov/pubmed/23201069
https://doi.org/10.1016/J.BONE.2007.03.002
https://doi.org/10.1016/J.JEVS.2014.01.009
https://doi.org/10.1016/J.JEVS.2014.01.009
https://doi.org/10.1093/gerona/61.11.1181
https://doi.org/10.1093/gerona/61.11.1181
http://www.ncbi.nlm.nih.gov/pubmed/17167160
https://doi.org/10.1249/MSS.0000000000000342
https://doi.org/10.1249/MSS.0000000000000342
http://www.ncbi.nlm.nih.gov/pubmed/24658222
http://www.ncbi.nlm.nih.gov/pubmed/1356720
https://doi.org/10.1111/j.1600-0773.1996.tb00269.x
https://doi.org/10.1111/j.1600-0773.1996.tb00269.x
http://www.ncbi.nlm.nih.gov/pubmed/8936559
https://doi.org/10.1074/jbc.M303905200
http://www.ncbi.nlm.nih.gov/pubmed/12933809
https://doi.org/10.1017/S1478061508914493
https://doi.org/10.1002/jbmr.5650080905
http://www.ncbi.nlm.nih.gov/pubmed/8237474
https://doi.org/10.1016/s8756-3282%2899%2900257-4
https://doi.org/10.1016/s8756-3282%2899%2900257-4
http://www.ncbi.nlm.nih.gov/pubmed/10678403
https://doi.org/10.1371/journal.pone.0300360

PLOS ONE Clodronate disodium does not produce measurable effects on bone metabolism in a juvenile animal model

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Davis SJM. The effect of castration and age on the development of the Shetland sheep skeleton and a
metric comparison between bones of males, females and castrates. J Archaeol Sci. 2000; 27: 373—
390. https://doi.org/10.1006/JASC.1999.0452

Michelena P, Sarah AE, Ae N, Gautrais J, Franc, ois J-F, Ae G, et al. Sexual dimorphism, activity bud-
get and synchrony in groups of sheep. Oecologia. 2006; 148: 170-180. https://doi.org/10.1007/
s00442-005-0347-2 PMID: 16456687

Fintini D, Grossi A, Brufani C, Fiori R, Ubertini G, Pecorelli L, et al. Bone mineral density and body
composition in male children with hypogonadism. J Endocrinol Invest. 2009; 32: 585-589. https://doi.
org/10.1007/BF03346513 PMID: 19535890

Ryu SJ, Ryu DS, Kim JY, Park JY, Kim KH, Chin DK, et al. Changes in bone metabolism in young cas-
trated male rats. Yonsei Med J. 2016; 57: 1386—1394. https://doi.org/10.3349/ym|.2016.57.6.1386
PMID: 27593866

Almeida M, Laurent MR, Dubois V, Claessens F, O’brien CA, Bouillon R, et al. Estrogens and andro-
gens in skeletal physiology and pathophysiology. Physiol Rev. 2017; 97: 135—187. https://doi.org/10.
1152/physrev.00033.2015 PMID: 27807202

Ozasa R, Ishimoto T, Miyabe S, Hashimoto J, Hirao M, Yoshikawa H, et al. Osteoporosis changes col-
lagen/apatite orientation and Young’s modulus in vertebral cortical bone of rat. Calcif Tissue Int. 2019;
104: 449-460. https://doi.org/10.1007/s00223-018-0508-z PMID: 30588540

Ozasa R, Saito M, Ishimoto T, Matsugaki A, Matsumoto Y, Nakano T. Combination treatment with
ibandronate and eldecalcitol prevents osteoporotic bone loss and deterioration of bone quality charac-
terized by nano-arrangement of the collagen/apatite in an ovariectomized aged rat model. Bone.
2022;157. https://doi.org/10.1016/j.bone.2021.116309 PMID: 34998980

Yao W, Jee WSS, Chen J, Liu H, Tam CS, Cui L, et al. Making rats rise to erect bipedal stance for feed-
ing partial prevented orchidectomy-induced bone loss and added bone to intact rats. J Bone Miner
Res. 2000; 15: 1158—-1168. https://doi.org/10.1359/jbmr.2000.15.6.1158 PMID: 10841185

Tuukkanen J, Peng Z. Calcified Tissue Effect of running exercise on the bone loss induced by orchi-
dectomy in the rat. Calcif Tissue Int. 1994; 55: 33—-37. https://doi.org/10.1007/BF00310166 PMID:
7922787

Going S, Lohman T, Houtkooper L, Metcalfe L, Flint-Wagner H, Blew R, et al. Effects of exercise on
bone mineral density in calcium-replete postmenopausal women with and without hormone replace-
ment therapy. Osteoporos Int. 2003; 14: 637-643. https://doi.org/10.1007/s00198-003-1436-x PMID:
12844212

Krueger CR, Mitchell CF, Leise BS, Knych HK. Pharmacokinetics and pharmacodynamics of clodro-
nate disodium evaluated in plasma, synovial fluid and urine. Equine Vet J. 2020; 52: 725-732. https://
doi.org/10.1111/evj.13244 PMID: 32003488

Vergara-Hernandez FB, Panek CL, Nielsen BD, Robison CI, Colbath AC. Clodronate disodium is nei-
ther cytotoxic nor cytoprotective to normal and recombinant equine interleukin-1B-treated joint tissues
in vitro. Vet Surg. 2022; 1-11. https://doi.org/10.1111/vsu.13898 PMID: 36217704

Van Offel JF, Schuerwegh AJ, Bridts CH, Stevens WJ, De LS. Effect of bisphosphonates on viability,
proliferation, and dexamethasone-induced apoptosis of articular chondrocytes. Ann Rheum Dis. 2002;
925-928. https://doi.org/10.1136/ard.61.10.925 PMID: 12228165

Duesterdieck-Zellmer KF, Driscoll N, Ott JF. Concentration-dependent effects of tiludronate on equine
articular cartilage explants incubated with and without interleukin-13. Am J Vet Res. 2012; 73: 1530—
1539.

Tzschentke TM. Pharmacology of bisphosphonates in pain. Br J Pharmacol. 2021; 178: 1973-1994.
https://doi.org/10.1111/bph.14799 PMID: 31347149

Saviola G, Da Campo G, Bianchini MC, Abdi-Ali L, Comini L, Rosini S, et al. Intra-articular clodronate
in patients with knee osteoarthritis non-responder to intra-articular hyaluronic acid—a case report
series of 9 patients with 8-month follow-up. Clin Ter. 2023; 174: 245-248. https://doi.org/10.7417/CT.
2023.2528 PMID: 37199358

Moriyama Y, Nomura M. Clodronate: A Vesicular ATP release blocker. Trends Pharmacol Sci. 2018;
39: 13-23. https://doi.org/10.1016/j.tips.2017.10.007 PMID: 29146440

Kato Y, Hiasa M, Ichikawa R, Hasuzawa N, Kadowaki A, Iwatsuki K, et al. Identification of a vesicular
ATP release inhibitor for the treatment of neuropathic and inflammatory pain. Proc Natl Acad Sci.
2017; 114: E6297—E6305. https://doi.org/10.1073/pnas.1704847114 PMID: 28720702

Lewiecki EM, Miller PD. Renal safety of intravenous bisphosphonates in the treatment of osteoporosis.
2007; 6: 663—672. https://doi.org/10.1517/14740338.6.6.663 PMID: 17967155

PLOS ONE | https://doi.org/10.1371/journal.pone.0300360  April 16, 2024 27/27


https://doi.org/10.1006/JASC.1999.0452
https://doi.org/10.1007/s00442-005-0347-2
https://doi.org/10.1007/s00442-005-0347-2
http://www.ncbi.nlm.nih.gov/pubmed/16456687
https://doi.org/10.1007/BF03346513
https://doi.org/10.1007/BF03346513
http://www.ncbi.nlm.nih.gov/pubmed/19535890
https://doi.org/10.3349/ymj.2016.57.6.1386
http://www.ncbi.nlm.nih.gov/pubmed/27593866
https://doi.org/10.1152/physrev.00033.2015
https://doi.org/10.1152/physrev.00033.2015
http://www.ncbi.nlm.nih.gov/pubmed/27807202
https://doi.org/10.1007/s00223-018-0508-z
http://www.ncbi.nlm.nih.gov/pubmed/30588540
https://doi.org/10.1016/j.bone.2021.116309
http://www.ncbi.nlm.nih.gov/pubmed/34998980
https://doi.org/10.1359/jbmr.2000.15.6.1158
http://www.ncbi.nlm.nih.gov/pubmed/10841185
https://doi.org/10.1007/BF00310166
http://www.ncbi.nlm.nih.gov/pubmed/7922787
https://doi.org/10.1007/s00198-003-1436-x
http://www.ncbi.nlm.nih.gov/pubmed/12844212
https://doi.org/10.1111/evj.13244
https://doi.org/10.1111/evj.13244
http://www.ncbi.nlm.nih.gov/pubmed/32003488
https://doi.org/10.1111/vsu.13898
http://www.ncbi.nlm.nih.gov/pubmed/36217704
https://doi.org/10.1136/ard.61.10.925
http://www.ncbi.nlm.nih.gov/pubmed/12228165
https://doi.org/10.1111/bph.14799
http://www.ncbi.nlm.nih.gov/pubmed/31347149
https://doi.org/10.7417/CT.2023.2528
https://doi.org/10.7417/CT.2023.2528
http://www.ncbi.nlm.nih.gov/pubmed/37199358
https://doi.org/10.1016/j.tips.2017.10.007
http://www.ncbi.nlm.nih.gov/pubmed/29146440
https://doi.org/10.1073/pnas.1704847114
http://www.ncbi.nlm.nih.gov/pubmed/28720702
https://doi.org/10.1517/14740338.6.6.663
http://www.ncbi.nlm.nih.gov/pubmed/17967155
https://doi.org/10.1371/journal.pone.0300360

