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ARTICLE INFO ABSTRACT

Keywords: Purpose: The purpose of this study was to evaluate the efficacy and toxicity of a novel lanthanum compound, La
Osteoporosis (XT), in an ovariectomized (OVX) rat model of osteoporosis.

Lanthanum Methods: Twenty-four ovariectomized female Sprague Dawley rats were divided into 3 groups receiving a
I(“;gn research diet with/without treatment compounds (alendronate: 3 mg/kg; La(XT) 100 mg/kg) for three months.
Toxicity At the time of sacrifice, the kidney, liver, brain, lung and spleen were collected for histological examination. The

trabecular bone structure of the tibiae was evaluated using micro-CT and a three-point metaphyseal mechanical
test was used to evaluate bone failure load and stiffness.

Results: No significant differences were noted in plasma levels of calcium, phosphorus, creatinine, alanine
aminotransferase (ALT), and aspartate aminotransferase (AST) between the La(XT) treatment compared to the
non-treated OVX group. Alendronate-treated animals (positive control) showed higher BV/TV, Tb.N and lower
Tb.Th and Tb.Sp when compared to the non-treated OVX group. Mechanical analysis indicated that stiffness was
higher in the alendronate (32.88%, p = 0.04) when compared to the non-treated OVX group. Failure load did not
differ among the groups.

Conclusions: No kidney or liver toxicities of La(XT) treatments were found during the three-month study. The
absence of liver and kidney toxicity with drug treatment for 3 months, as well as the increased trabecular bone
stiffness are encouraging for the pursuit of further studies with La(XT) for a longer duration of time.

1. Background

Osteoporosis is a systemic bone disorder characterized by micro-
architectural deterioration of bone tissue and loss of bone density (Diab
and Watts, 2013). According to the International Osteoporosis Foun-
dation report, at least one in three women and one in five men over age
50 will experience an osteoporotic fracture during their lifetime all over
the world (Foundation IO, n.d.). To date, the pharmacological treatment

of osteoporosis that utilizes multiple medications including bisphosph-
onates, hormone therapy, selective estrogen receptor modulators
(SERMs), monoclonal antibodies (denosumab) and parathyroid hor-
mones, each of which has a place in therapy by promoting osteoblast
activity or as anti-resorptive agents via inhibiting the osteoclast reab-
sorption of bone mass. Likewise, each has unique limitations, risks or
toxicities such that new anti-osteoporosis drugs are still needed (Caw-
thray et al., 2017; Tu et al., 2018; Cheng et al., 2020; Li et al., 2020;

Abbreviations: OVX, ovariectomized; Ca®*, calcium; La®", lanthanum; Cr, creatinine; CRF, chronic renal failure; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; BMD, bone mineral density; SD, Sprague Dawley; HAP, hydroxyapatite; BV/TV, bone volume fraction; Tb.N, trabecular number; Tb.Sp, trabecular

separation; Tb.Th, trabecular thickness.
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Cosman et al., 2016).

Compounds of metal ions have been receiving attention as bone-
seeking agents because they deposit into hydroxyapatite by exchange
of calcium (Ca®") through biological processes, thus leading to the
accumulation of metal ions in bone tissue (Pemmer et al., 2013). The
effect of metal ions on bone microstructure depends on their natural
properties. Ions of metals such as lead, mercury, chromium, cobalt and
cadmium are associated with bone microstructure impairment and a
lowering of bone mineral density (Lim et al., 2016; Scimeca et al., 2017).
Nonetheless, alkaline earth metal ions such as barium and strontium
exhibit high binding affinities to hydroxyapatite (HAP), resulting in an
increased bone mineral density and an improvement in bone strength. It
has been demonstrated that both barium and strontium target to bone
where active bone formation and bone remodeling are taking place; this
has been elucidated using 3D synchrotron K-edge subtraction micro-CT
imaging (Panahifar et al., 2018). Barium is highly toxic to the cardio-
vascular system due to potassium channel blockade, thus it is highly
unlikely to be developed as a therapeutic bone-seeking agent (Bhoelan
et al., 2014). Strontium promotes osteoblast activity and bone forma-
tion, with 99% of absorbed strontium depositing into bone tissue
following parental administration (Dahl et al., 2001; Blaschko et al.,
2013; Hamdy, 2009; Quade et al., 2020). In clinical trials, strontium
ranelate showed a moderate anti-osteoporotic effect and a reduced risk
of vertebral and non-vertebral fractures in postmenopausal women with
osteoporosis (Reginster et al., 2005; Meunier et al., 2002). Strontium
ranelate (Protelos®) was marketed in Europe for the treatment of oste-
oporosis in 2004, but its use was restricted after ten years due to an
elevated risk of cardiovascular events and venous thromboembolism
(Sundar et al., 2014). Therefore, there is still room in the therapeutic
arsenal for an alternative and less toxic bone-seeking metal ion com-
pound with anti-osteoporotic activity.

The lanthanides are a series of trace metal elements that also well-
suited for ion exchange with Ca2*, with a high affinity to HAP (Caw-
thray et al., 2015). Evidence in vitro, has shown that lanthanum itself
(La®") promotes osteogenesis, activating osteoblast differentiation,
while inhibiting the differentiation and activation of osteoclast cells
(Wang et al., 2008; Harini et al., 2014; Zhang et al., 2018; Jiang et al.,
2016). Animal studies found that La®>" accumulated in the liver, femur
and kidney with supplementation of lanthanum carbonate [La(COs3)s]
after 22 weeks, with an average of 1322 ng/g wet weight of La3*
detected in the femoral head in a rat model of chronic renal failure (CRF)
(Damment et al., 2011). The concentration of La®t in bone was maxi-
mized to 2 pg/g wet weight in the rats treated with 2000 mg/kg/day of
orally administered Lay(CO3)3 for 8 weeks (Bervoets et al., 2006). Upon
deposition into bone, Laz(CO3)s is localized at the outer edge of
mineralized bone along the trabeculae as well as deep inside trabecular
bone and deposited in the mineral component of the matrix (Behets
et al., 2005; Yu et al., 2017). There are multiple effects of La®* on bone.
It has been suggested that La>* may cause a reversible mineralization
defect in CRF rats, without affecting active cuboidal osteoblasts in bones
(Bervoets et al., 2006). The implications for human bone, however, are
not clear at this time. Meanwhile, little effect of La®* on bone mineral
density was observed in healthy animals (Damment et al., 2011). In
another study that utilized ovariectomized rats as an osteoporotic
model, it was reported that a three-month dietary supplementation of
La>" significantly increased tibial trabecular bone density in the animals
treated with either Lay(CO3)3 or lanthanum citrate. The serum level of
osteocalcin, a bone formation marker, was also significantly elevated in
these animals (von Rosenberg and Wehr, 2012).

In human medicine, a La®* containing compound, Laz(CO3)s, is used
as phosphorus binder to treat hyperphosphatemia in late stage renal
failure patients. Lay(COg)s is therefore well known to be safe and well-
tolerated during long-term oral administration even though accumula-
tion of La®* was observed in liver, kidney and bone (Hutchison et al.,
2008; Toussaint et al., 2020; Zhang et al., 2013). In an open-labelled
comparator-controlled phase III clinical trial, the study reported no

Bone Reports 14 (2021) 100753

elevated liver enzyme activities in hemodialysis patients receiving
375-3000 mg/day Lay(CO3)s for two years (Hutchison et al., 2006).
Plasma La>" concentration reached plateau between 0.4 and 0.6 ng/mL
and notably declined 6 weeks after discontinuation of the treatment
(Hutchison et al., 2006; Spasovski et al., 2006). Bone concentration of
La3+, also significantly increased after 1-year treatment with Lay(CO3)s,
showing a mean of 2.3 + 1.6g/g (Spasovski et al., 2006). A kinetic
model predicted that La>* deposited into trabecular bone at a yearly rate
of 1.03 + 0.23 pg/g wet bone and had a fractional loss of 13.3 + 5.0%
per year after cessation (Bronner et al., 2008). A Japanese study showed
that bone La®" level increased to 4.3 pg/g after three years which was
comparable with the valued predicted from the kinetic model (Shige-
matsu et al., 2011). The effects of La®" in bones have not been fully
elucidated, but clinical studies suggest a beneficial effect. To our
knowledge, there are no clinical trials published which are specifically
designed to measure the effect of Lag(CO3)3 on bone structure. However,
it is notable that a 2-year open label study reported that Lay(COs3)3
improved bone formation rate (74.2% vs 57.1%) and bone volume
fraction (84.4% vs 62.5%) in patients with end stage renal disease,
compared to a calcium carbonate group (Malluche et al., 2008).
Lay(CO3)3 has also been shown to improve the bone turnover rate after
18 months of treatment in hemodialysis patients, which found that
serum osteocalcin levels were significantly lower compared with pa-
tients treated with calcium carbonate (Goto et al., 2019).

The major drawback of La®* usage clinically is that the aqueous
solubility of lanthanum is extremely low. Lanthanum is only soluble in
an acidic environment while the pH within gastrointestinal tract (GIT) is
alkaline where the vast majority of absorption takes place. La3+ within
the GIT binds to phosphate to form insoluble lanthanum phosphate
resulting in a lower GI absorption. The bioavailability of lanthanum was
estimated to be 0.00127% in human and 0.0007% within rats, con-
firming that La®* was very poorly absorbed (Damment and Pennick,
2008; Pennick et al., 2006; Yang et al., 2013). We believed that the low
oral bioavailability of lanthanum may be due to the low solubility of the
lanthanum compound. Thus, our laboratories have developed several
lanthanum complexes, which have enhanced aqueous solubility. Two of
our lead compounds, La(ddp)s and La(XT) showed excellent binding to
hydroxyapatite without altering its lattice structure (Barta et al., 2007;
Mawani et al., 2013). Biodistribution studies in female Sprague Dawley
(SD) rats revealed that both La(ddp)s and La(XT) accumulated in bone
with La(XT) displaying a greater bone accumulation comparing with La
(ddp)s (Cawthray et al., 2015; Weekes et al., 2017). Moreover, an in
vitro study found that La(XT) affected bone remodeling by decreasing
the tartrate-resistant acid phosphatase activity and inhibiting the dif-
ferentiation of RAW 264.7 into osteoclast-like cells at 2.5-100 pM/L
(data not published). A preliminary in vivo study was performed in our
laboratory in which La(dpp)s and La(XT) were administered orally to
rats for 30 days. No significant changes in plasma aspartate amino-
transferase (AST), alanine aminotransferase (ALT) nor creatinine were
observed, which suggested a lack of significant liver or kidney toxicity at
La(XT) doses of up to 200 mg/kg/day for 4 weeks (Weekes et al., 2017).
La(dpp)s was deemed a less suitable candidate due to poor solubility and
low bioavailability, therefore further studies were only pursued with La
(XT). These preliminary results suggested that La(XT) may be safely
administered with preferable accumulation into bone. However, it was
necessary to evaluate the toxicity profile of La(XT) in an osteoporosis
model with a longer duration of administration. Thus, we conducted a
three-month study in an ovariectomized osteoporosis rat model (OVX)
with daily oral administration of La(XT). This study presented here also
evaluates the effect of La(XT) on plasma biomarkers of bone turnover as
well as comparative bone microstructure analysis.

2. Materials

K>La(XT)-3.75H,0 with 21.85% La®t was synthesized accord to
previously published literature (Cawthray et al., 2015). Alendronate
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sodium trihydrate, 10% neutral buffered formalin, 100% ethanol, 24
gauge catheter, 1 mL Luer-Lok™ syringes, 4 mL BD vacutainer blood
collection tubes, 0.9% saline, and DMSO were purchased from Thermo
Fisher Scientific Canada (Saskatoon, SK).

2.1. Methodologies

2.1.1. Animal study

Twenty-four female SD rats (226-385 g body weight, and 4 months
old) (Charles River, Montreal, Canada) were housed as pairs in the
University of Saskatchewan laboratory animal services unit with a 12-h
light and 12 h-darkness cycle. All animals had free access to a basic rat
chow diet (Research Diets Inc., Montreal Quebec, Canada), with/
without the test compound La(XT) (described below), as well as ab
libitum water throughout the study period. After one week of acclima-
tion, OVX rats (n = 24) were randomized into 3 groups: i) non-treated
OVX rats (n = 8), ii) alendronate 3 mg/kg orally (n = 8), iii) La(XT)
100 mg/kg orally (n = 8).

Body weight and food consumption were monitored weekly. At the
end of the study, the animals were euthanized by cardiac puncture under
isoflurane anesthesia. One femur, one tibia and major organs including
kidney, liver, spleen, lung, and brain were collected according to the
protocol and stored at —80 °C until analysis.

2.1.2. Experimental diets

All the treatment compounds were incorporated into the rat chow by
Research Diet, Inc. La(XT) was incorporated at the highest dose level by
Research Diet, Inc. Lower dose levels were achieved by mixing treated
rat chow with basic rat chow in a V-blender in-house to achieve the
desired dilution. Dosage calculations were based on an average food
consumption of 30 g/day, and average weight of 0.3 kg/rat. The
alendronate group received 0.03 g alendronate/kg basic research diet
(Pytlik et al., 2004; Bolek and Korzeniowska, 2012). The La(XT) 100
mg/kg group received La(XT) 1 g/kg mixed into the basic diet.

2.1.3. Biochemistry profile

Blood samples were collected into 4 mL BD vacutainers at baseline
(1 week), middle (7 weeks) and at the end of the study (13 weeks).
Plasma was separated by centrifugation at 1500 xg for 10 min and
stored at —80 °C until analysis. Plasma biomarkers, including calcium,
phosphorus, creatinine, ALT and AST, were determined by Prairie
Diagnostic Services Inc. (Saskatoon, SK, Canada).

2.1.4. Histology

Kidney, liver, brain, lung, and spleen samples were placed immedi-
ately in 10% neutralized formalin at least 20 times the volume of the
tissues. Histological slice and staining were prepared by Prairie Diag-
nostic Services Inc. A veterinary pathologist performed a blinded his-
tological evaluation on each organ.

2.1.5. Micro-CT imaging of tibia

Microstructural properties of the right tibia were determined using a
Skyscan 1172 micro-CT system (Bruker, Massachusetts, USA), using an
isotropic voxel size of 10 pm. Images were acquired using an X-ray
source setting of 70 kVp/142 pA with a 0.5 mm aluminium filter. A 180
degree scanning was used with 4 frame averaging, 0.3° rotation steps
and 100 ms exposure time. A total of 24 tibiae (8 bones from each group)
were tested for imaging. Bones were rescanned if the image was not
clear. The images were reconstructed using NRecon software 1.7
(Bruker, MA, USA) and analyzed using CTAn 1.13 (Bruker, MA, USA).
The regions of interest (ROIs) were identified starting at a distance of
0.5 mm to the growth plate and extended for another 2 mm. ROIs were
calculated using a semi-manual interpolation method. In brief, trabec-
ular bone regions were manually drawn on every 30th image throughout
the image dataset, and then interpolated in between. The following in-
dexes of the trabecular bone were chosen to evaluate the bone
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microstructure: bone volume fraction (BV/TV, %), trabecular thickness
(Tb.Th, pm), trabecular separation (Tb.Sp, pm) and trabecular number
(Tb.N, 1/pm). BV/TV represents the volume of mineralized bone per
unit volume of the bone sample. Tb.Th is the local thickness of cancel-
lous structure. Tb.Sp is the spacing between two trabecular structures.
Tb.N is the inverse of mean distance between two cancellous structures.

2.1.6. Mechanical test of tibia

We evaluated metaphyseal tibial failure load and stiffness using a
previously validated 3-point bending test presented by McElroy and
Wade (1987). The same tibiae (n = 8 for each group) were used for
mechanical test. Due the nature of the test, each bone can only tested
once. For this test, tibiae were positioned against a notched aluminium
alloy block, with the end of the dorsal proximal tibia placed in the
notches while the distal tibia was free to slide. Loading was applied
using a servohydraulic material testing system (MTS Bionix, 250 N load
cell). Load was applied via a roller stamp positioned 3 mm from the end
of the proximal tibia (without the epiphysis). A 1 N preload was first
applied, then loading to failure was conducted with a displacement rate
of 10 mm/min. Testing ceased when fracture occurred or when 2 mm of
cross-head displacement or 200 N of load had been reached. Load-
displacement data were recorded and evaluated using custom algo-
rithms (Matlab, Natick, MA). Failure load was defined as the maximum
load prior to fracture. The slope of the most linear portion of the load-
displacement curve prior to yielding was used to define stiffness (Fig. 1).

2.2. Statistical analysis

The experimental data were plotted and analyzed using one-way
ANOVA with Tukey’s post hoc test in GraphPad Prism (version 8.0,
CA, US). Data were presented as mean with standard deviation. Signif-
icance was set at p < 0.05.

3. Results and discussion

We previously conducted a 4-week study of La(XT) administration in
healthy SD female rats to determine the toxicological profile and tissue
distribution of La(XT) following oral and intravenous administration.
We found La(XT) preferentially accumulated in the bone in a dose-
dependent manner. No significant liver or kidney toxicities were
observed in the previous study (Weekes et al., 2017). The purpose of the
present study was to further evaluate the safety profile and the effect of
La(XT) in OVX rat model of osteoporosis. We found that La(XT) was well
tolerated in experimental animals following three months of treatment.

3.1. Basic characteristics of experimental animals

As shown in Fig. 2, All OVX rats exhibited rapid weight gain after
surgeries, then slowed down after 6 weeks, which was consistent with
literature evidence that OVX rats gain weight following ovariectomy
(McElroy and Wade, 1987). Mean weekly food consumption per cage
was similar between animals fed with the basic diet and the diets con-
taining the treatment compounds (Data not shown). No differences in
food intake between experimental groups were observed through the
entire study. Our data suggest dietary supplementation of lanthanum
compounds did not affect food intake or animal weight gain.

3.2. Biochemistry profile

Levels of plasma calcium, phosphorus, creatinine, ALT, and AST
were determined. The animals enrolled in this study were supplied with
standard rodent diet containing elemental calcium and phosphorus. The
literature suggests that a decrease in plasma calcium level and an in-
crease in phosphorus level in OVX rats with osteoporosis, we observed
no change regarding plasma calcium and phosphorus levels in the cur-
rent study (Fig. 3) (Elkomy and Elsaid, 2015; Aminah et al., 2017). It
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Fig. 1. Metaphyseal three-point bending test setup
160 - (left) and load-displacement bending curve (right).
The end of dorsal proximal tibia was placed in the
140 + appropriate notches. The loading position was
% 120 4 determined by measuring a distance of exactly 3 mm
g 100 - between the end of proximal tibia and center of the
= 80 4 roller stamp. The right figure showed the typical
.E 60 - load-displacement bending curve. The loading to
< 40 - failure was conducted with a displacement rate of 10
20 mm/min. Testing ceased when fracture occurred or
0 . . . when 2 mm of cross-head displacement or 200 N of
0 0.5 1.5 2 load had been reached.
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Fig. 2. Animal weight growth chart. All experimental rats steadily gained weight through the 12-week study. No statistical difference in weight was observed

between treatment groups (p > 0.05, n = 8).

was not clear that why the phosphorus level declined in all experimental
animals during the study. Alendronate treatment had a moderate effect
on plasma levels of phosphorus (p = 0.0277) in OVX rats, although
evidence showed that alendronate was able to effectively normalize
plasma levels of calcium and phosphorus (Fahmy et al., 2015).

It is known that lanthanum is excreted predominantly by the liver
(Toussaint et al., 2020). Our previous 4-week study of La(XT) adminis-
tration in rats detected up to 136.1 pg/g La>" in rat liver (Weekes et al.,
2017). Taking into consideration that La®* accumulates in the liver, AST
and ALT levels were measured in the current study to assess potential
hepatotoxicity. No significant differences in plasma levels of ALT and
AST were observed over the study period between treatment groups,
similar to our preliminary study (Weekes et al., 2017). Creatinine is used
as a marker of renal glomerular function. During the study period, serum
creatinine levels did not differ between groups. These results are
consistent with a prior study in rats in which 22 weeks of treatment with
a diet supplemented with 2% (w/w) Lay(CO3)3 did not result in changes
in serum creatinine (Damment et al., 2011).

Histological assessments were performed by a veterinary pathologist
blinded to treatment. No remarkable changes were reported between
treatment and control groups in kidney, liver, spleen, lung and brain.
The histological findings in these organs were consistent with plasma
biomarker results, in that there were no differences between treatment
groups or between drug-treated and control groups. Our data suggest
that the oral supplementation of La(XT)100 mg/kg showed no obvious
toxicity in this study according to the measured parameters.

3.3. Micro-CT imaging

Osteoporosis is characterized as loss of trabecular bone and deteri-
oration of bone microstructure (Diab and Watts, 2013). Therefore, 3D
histomorphometry was utilized using micro-CT to evaluate the potential
effects of La(XT) treatment on trabecular bone microstructure following
13 weeks of dosing. Fig. 4 shows representative cross-sectional images
from each group. BV/TV was significantly decreased in non-treated OVX
rats, compared to the sham-operated control group after 3 months in the
study, which indicated that the osteoporosis was successfully developed
in the ovariectomized rats (Table 1). The mechanical analysis of the tibia
further confirmed the development of osteoporosis (Fig. 5). Alendronate
is a bisphosphonate used in treatment of osteoporosis, and has been
demonstrated to enhance bone microstructure and strength in ovariec-
tomized rats (Cho et al., 2017; Silva et al., 2020), and therefore used as a
clinically relevant comparative baseline for the development of alter-
native strategies in the present study. In the current study, alendronate
improved BV/TV by a factor of 1.28 (p < 0.0001), and decreased Tb.Sp
by 71% (p = 0.0044), compared to the OVX only group.

Although it was not statistically significant, there was a trend in the
BV/TV values in rats treated with increasing doses of La(XT). La(XT)
100 mg oral treatment increased BV/TV by 5.09% (p > 0.99). Similarly,
Tb.Sp had decreasing trends of 5.82% (p > 0.99) in La(XT) 100 mg oral.
It has been reported that intravenous injections of lanthanum chloride at
doses of 5 mg/kg of La>* for five weeks increased the trabecular bone
mineral density (Miyagawa and Daimon, 2010); this represents a much
higher dosage than the highest dose employed in our study, at 1 mg/kg
IV (equivalent to 0.2185 mg La®*/kg), although we hypothesize that



Y. Dietal

Calcium
2.9
B OVX
o 2.8 o 0 A Alendronate
S ,,] =® a} D La(XT) 100mg/kg
g < A
2.6
S A = ‘g
O 2.51
©
o ]
2.4 o
2.3 T T T
Baseline 7 week 13 week
Creatinine
| 60-
3 m OVX
= A Alendronate
H
2 40l = ", m O La(XT) 100mg/kg
£ %
c
e Eep TED ¥eg
G 20 =4
©
£
a
8
0 . . .
Baseline 7 week 13 week
ALT
80
| | B OVX
L A Alendronate
601 % % o O La(XT) 100mg/kg
o d
S 40 u i =]
o A R = . 'tI_J
< R <
2] %
| Y Al 8
0 . . L.
Baseline 7 week 13 week

Bone Reports 14 (2021) 100753

Phosphorus
= 2.5-
g $ B OVX
A Alendronate
E 2.01 f% O La(XT) 100mg/kg
3 . a
_g 1.5 i A
& "
o 1.04
3 o 10
© .
g 05
& A
o 0.0 T T T
Baseline 7 week 13 week
AST
200+
B OVX
160- o A Alendronate
O  La(XT) 100mg/kg
[

120- o A
wite 1 i%

B A
40+
0 0

Baseline 7 week 13 week

Fig. 3. The effect of lanthanum on serum calcium, phosphorus, creatinine, AST and ALT in sham and OVX rats at baseline (week 1), middle (week 7) and end of study
(week 13). Data were presented as mean + STD. No significant differences were found between treatment groups at each time point (p > 0.05, n = 8). ALT: alanine

aminotransferase, AST: aspartate aminotransferase.

there is a continuous accumulation of La®" in the bone over the 3 month
study period.

Lay(CO3)3 is an alternative source of La®" to evaluate the effect of
La®* on bones in a studying using OVX Wistar Han rat model. It has been
demonstrated that the BMD was significantly increased with 3-month
dietary supplementation of 1.74 g/kg Lay(CO3)s (von Rosenberg and
Wehr, 2012). As discussed previously, lanthanum exhibits poor solubi-
lity and undergoes extensive first-pass effect. The absorption of La" is
extremely low in the form of Lay(CO3)3 compared with La®* in the form
of La(XT). This is the important rational to design a more soluble
lanthanum compound complex. More, it should be noted that in the OVX
Wistar Han rat model, BMD was used to measure the areal density of
bone, while, we used BV/TV to directly measuring the 3D structure of
the trabecular bone. It is not practical to compare our results with the

OVX Wistar Han rat model since different detection methods were
chosen, thus we did not include Lay(CO3)s in the current study.

3.4. Mechanical tests

The sham group showed the highest maximum loading force value
(170.6 +17.8 N) which was significantly higher than OVX group (127.2
+ 22.5 N) (p = 0.0013). Treatment of the rats with alendronate, or La
(XT) did not show a higher maximum force compared to the OVX group.
La(XT) treatment showed a trend toward higher maximum force, with
highest values found in La(XT) 100 mg/kg (141.9 + 14.9 N). Although
they were not significant, these forces were 11.5% (p = 0.77) higher
than the OVX group (Fig. 1).

In the analysis of stiffness, the mean value in the OVX group was 154
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Alendronate

La(XT) 100mg/kg

Fig. 4. Representative cross-sectional micro-CT images of proximal tibia in
sham and OVX rats. Images were acquired using X-ray source setting of 70 kV/
142 pA with a 0.5 mm aluminium filter for noise reduction. A 180 degree
scanning was chosen with an averaging frame of 4, 0.3° rotation steps and 100
ms exposure time. These pictures were selected at a distance of 1.5 mm from
growth plate.

Table 1

Bone parameters in the tibia metaphysis in sham (sham-operated) and OVX
(ovariectomized) rats after three-month treatment using microCT imaging sys-
tem. Statistics were calculated using ANOVA with Tukey’s multiple comparison.
Asterisk indicates p < 0.05 for the values of the treatment groups compared with
that of OVX only group (n = 6 or more).

[0)%:¢ Alendronate La(XT) 100 mg/kg

BV/TV % Mean 14.26 32.52 14.98

STD 4.85 10.3 2.27

P <0.0001* 0.9745

95% CI —26.71 to —9.811 —9.175 to 7.723
Tb.Sp pm Mean 518.57 147.18 488.37

STD 200.69 34.84 94.66

P <0.0001* 0.8879

95% CI 208.0 to 534.8 —133.2t0 193.6
Tb.Th pm Mean 93.11 73.69 93.47

STD 4.61 8.22 6.19

P <0.0001* 0.9808

95% CI 11.22 to 27.62 —8.565 to 7.843
Tb.N 1/pm Mean 0.00153 0.0043525 0.001594

STD 0.00052 0.00096566 0.000155

P <0.0001* 0.9932

95% CI 11.22 to 27.62 —8.565 to 7.843

+ 18 N/mm. The alendronate and La* treatments improved stiffness
compared to no treatment in the OVX rats. The stiffness in alendronate,
and La(XT) 100 mg/kg groups were 205.3 + 29.8 (p = 0.04), and 189.7
+ 29.3 (p = 0.3) N/mm. The Alendronate treatment group showed a
32% (p = 0.04) increase in stiffness than that of the OVX group. The
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mechanical properties of bone can be affected by many factors including
loading speed, test location, bone size, and species (Oftadeh et al.,
2015). It is therefore difficult to compare our findings with literature
reports; nevertheless, our data suggest that administration of La>*
compounds preserved the mechanical properties of the tibia in OVX rats
as measured by this test. We did not observe significant changes in
loading force and stiffness of the tibia in OVX rats with increasing doses
of La(XT); however, the trend could reach significance at a higher La
(XT) dose or long duration of treatment in future study.

Based on our findings, 100 mg/kg/day of La(XT) was well-tolerated
in OVX rats but may still fall below the pharmacological dose required to
produce a significant effect against osteoporosis. The literature reports
that in humans taking 375-3000 mg/day Lay(COs)3, the maximum
concentration of La>" in bone is 5.5 pg/g (Spasovski et al., 2006). This
might be attributed to the extremely low bioavailability of Lap(CO3)3 in
humans. In an in vitro study it was shown that the La(XT) compound
showed the greatest uptake into Caco-2 cell monolayers, which exhibit
similar in vitro permeability characteristics as human intestinal tissue
(Mawani et al., 2013; Meunier et al., 1995), which suggests at least some
potential for permeability. However, only ~765 ng/g of La>" was
detected in the rat femora at a dose of 200 mg/kg for 4 weeks. This may
be due to rapid systemic clearance, given that La(XT) has a half-life of
only 4 h and falls below the detection limit after 6 h with a single IV dose
of 1 mg/kg La(XT) (Cawthray et al., 2015). Nevertheless, we have pre-
viously demonstrated that La(XT) does accumulate in bone in a dose-
dependent manner over time (Weekes et al., 2017). Our data suggest
that to deposit sufficient amount of La(XT) in bone, we may need to
modify the dosage regimen, or devise a formulation to improve oral
bioavailability and thus bone accumulation.

Besides the limitations created by dosage choices and study duration,
we have found that the OVX rat model used in this experiment may not
be the most appropriate model to study human osteoporosis. Over the
years, there have been multiple animal models being used in bone
research according to their varied purposes. Ovariectomized rats are a
popular selection among these choices due to the ease of mimicking the
estrogen decline associated with postmenopausal osteoporosis, ease of
administering drug compounds, and cost effectiveness (Komori, 2015;
Lelovas et al., 2008). In contrast to human bones which undergo a dy-
namic bone remodeling cycle throughout the lifetime, rats do not un-
dergo secondary cortical bone remodeling after reaching maturity
(Clarke, 2008; Ross and Sumner, 2017). New perspectives indicate that
the osteoporotic rabbit model derived by ovariectomy or glucocorticoid
may be more suitable for studying human postmenopausal osteoporosis
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Fig. 5. Comparison of maximum force (N, a) and stiffness (N/mm, b) in sham-operated (Sham) and ovariectomized (OVX) groups. Experimental data were analyzed
using one-way ANOVA with Tukey’s post hoc test. Asterisk indicates p < 0.05 for the values of the treatment groups compared with that of OVX only group (n = 6

or more).
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(Zhang et al., 2016; Wanderman et al., 2018). Rabbit bone has Haver-
sian systems and reaches quick bone maturity at around 6 months
(Permuy et al., 2019; Ravanetti et al., 2015). Similar to humans, rabbits
possess active intracortical remodeling and a faster bone turnover which
is favorable for studying compounds that affect bone remodeling bal-
ance (Mapara et al., 2012). Thus, utilizing a rabbit osteoporosis model in
future studies may generate different results.

4. Conclusions

Our results demonstrated that La(XT) at the doses administered was
well-tolerated in an OVX rat model of osteoporosis over a three-month
chronic dosing study with no detection of kidney or liver toxicities.
We observed a increasing trend of bone stiffness in the La(XT) 100 mg/
kg group, compared to the control OVX group (p = 0.3). The absence of
liver and kidney toxicity with drug treatment for 3 months, as well as the
increased trabecular bone stiffness are encouraging for the pursuit of
further studies with La(XT) for a longer duration of time.

CRediT authorship contribution statement

All authors were involved in the design, execution and write-up of
this manuscript.

Declaration of competing interest

All authors listed in this paper declare no conflict of interest. Animal
studies were approved by the University of Saskatchewan Animal Care
Committee (Protocol #20150060), and performed in accordance with
the guidelines outlined by the Canadian Council on Animal Care
(CCAQ). Funding for this study was provided by a Saskatchewan Health
Research Foundation Establishment Grant (SHRF to K.M.W.). We
acknowledge the Natural Sciences and Engineering Research Council
(NSERC) of Canada for CGSM/CGSD fellowships (T.I.K.), the IsoSiM
NSERC CREATE program at TRIUMF for their generous support (T.I.K.)
and a Discovery Grant (C.0.).

References

Aminah, S., Suparmo, S., Naruki, S., et al., 2017. Consumption of elicited soybean sprout
flour increases calcium level in serum of ovariectomized rats. Universa Medicina 36
(2), 94-101.

Barta, C.A., Sachs-Barrable, K., Jia, J., et al., 2007. Lanthanide containing compounds for
therapeutic care in bone resorption disorders. Dalton Trans. 21 (43), 5019-5030.
https://doi.org/10.1039/b705123a. 17992287 (Nov).

Behets, G.J., Verberckmoes, S.C., Oste, L., et al., 2005. Localization of lanthanum in bone
of chronic renal failure rats after oral dosing with lanthanum carbonate. Kidney Int.
67 (5), 1830-1836. https://doi.org/10.1111/j.1523-1755.2005.00281.x. 15840030
(May).

Bervoets, A.R., Oste, L., Behets, G.J., et al., 2006. Development and reversibility of
impaired mineralization associated with lanthanum carbonate treatment in chronic
renal failure rats. Bone. 38 (6), 803-810. https://doi.org/10.1016/j.
bone.2005.11.022. 16412714 (Jun).

Bhoelan, B.S., Stevering, C.H., van der Boog, A.T., et al., 2014. Barium toxicity and the
role of the potassium inward rectifier current. Clin. Toxicol. (Phila.) 52 (6), 584-593.
https://doi.org/10.3109/15563650.2014.923903. 24905573 (Jul).

Blaschko, S.D., Chi, T., Miller, J., et al., 2013. Strontium substitution for calcium in
lithogenesis. J Urol. 189 (2), 735-739. https://doi.org/10.1016/j.juro.2012.08.199
(Feb, PubMed PMID: 23260568; PubMed Central PMCID: PMCPMC4124908).

Bolek, D., Korzeniowska, H., 2012. Bone remodeling after administration of proton pump
(H+/K+-ATPase) inhibitors and alendronate in ovariectomized rats.

Bronner, F., Slepchenko, B.M., Pennick, M., et al., 2008. A model of the kinetics of
lanthanum in human bone, using data collected during the clinical development of
the phosphate binder lanthanum carbonate. Clin. Pharmacokinet. 47 (8), 543-552.

Cawthray, J., Weekes, D., Sivak, O., et al., 2015. In vivo study and thermodynamic
investigation of two lanthanum complexes, La (dpp) 3 and La (XT), for the treatment
of bone resorption disorders. Chem. Sci. 6 (11), 6439-6447.

Cawthray, J., Wasan, E., Wasan, K., 2017. Bone-seeking agents for the treatment of bone
disorders. Drug Deliv. Transl. Res. 7 (4), 466-481. https://doi.org/10.1007 /513346~
017-0394-3. 28589453 (Aug).

Cheng, C., Wentworth, K., Shoback, D.M., 2020. New frontiers in osteoporosis therapy.
Annu. Rev. Med. 71, 277-288. https://doi.org/10.1146/annurev-med-052218-
020620. 31509477 (Jan 27).

Bone Reports 14 (2021) 100753

Cho, D.C., Ryu, K., Kim, K.T., Sung, J.K., 2017. The therapeutic effects of combination
therapy with curcumin and alendronate on spine fusion surgery in the
ovariectomized rats. Korean Journal of Spine 14 (2), 35. https://doi.org/10.14245/
kjs.2017.14.2.35 (Jun, PMID: 28704906 PMCID: PMC5518429).

Clarke, B., 2008. Normal bone anatomy and physiology. Clin J Am Soc Nephrol. 3 (Suppl.
3), $131-S139. https://doi.org/10.2215/CIN.04151206 (Nov, PubMed PMID:
18988698; PubMed Central PMCID: PMCPMC3152283).

Cosman, F., Crittenden, D.B., Adachi, J.D., et al., 2016. Romosozumab treatment in
postmenopausal women with osteoporosis. N. Engl. J. Med. 375 (16), 1532-1543.

Dahl, S.G., Allain, P., Marie, P.J., et al., 2001. Incorporation and distribution of strontium
in bone. Bone. 28 (4), 446-453. 11336927 (Apr).

Damment, S.J., Pennick, M., 2008. Clinical pharmacokinetics of the phosphate binder
lanthanum carbonate. Clin. Pharmacokinet. 47 (9), 553-563. https://doi.org/
10.2165/00003088-200847090-00001. 18698878.

Damment, S., Secker, R., Shen, V., et al., 2011. Long-term treatment with lanthanum
carbonate reduces mineral and bone abnormalities in rats with chronic renal failure.
Nephrol Dial Transplant. 26 (6), 1803-1812. https://doi.org/10.1093/ndt/gfq682
(Jun, PubMed PMID: 21098011; PubMed Central PMCID: PMCPMC3107768).

Diab, D.L., Watts, N.B., 2013. Diagnosis and treatment of osteoporosis in older adults.
Endocrinol. Metab. Clin. 42 (2), 305-317. https://doi.org/10.1016/j.
mcna.2020.06.004. 32773051 (Jun 1).

Elkomy, M.M., Elsaid, F.G., 2015. Anti-osteoporotic effect of medical herbs and calcium
supplementation on ovariectomized rats. J. Basic Appl. Zool. 72, 81-88.

Fahmy, S.R., Soliman, A.M., Sayed, A.A., et al., 2015. Possible antiosteoporotic
mechanism of Cicer arietinum extract in ovariectomized rats. Int. J. Clin. Exp.
Pathol. 8 (4), 3477.

Foundation IO. Facts and Statistics: Osteoporosis - Incidence and Burden.

Goto, K., Goto, S., Fujii, H., Watanabe, K., Kono, K., Nishi, S., 2019. Effects of lanthanum
carbonate on bone markers and bone mineral density in incident hemodialysis
patients. J. Bone Miner. Metab. 37 (6), 1075-1082. https://doi.org/10.1007/
s00774-019-01018-8. 31214836 (Nov 1).

Hamdy, N.A., 2009. Strontium ranelate improves bone microarchitecture in
osteoporosis. Rheumatology (Oxford) 48 (Suppl. 4), iv9-13. https://doi.org/
10.1093/rheumatology/kep274. 19783592 (Oct).

Harini, D., Indra, R., Rajaram, A., et al., 2014. Induction of osteoblast differentiation in
human adipose derived stem cells by lanthanum ions. J. Rare Earths 32 (11),
1080-1088.

Hutchison, A.J., Maes, B., Vanwalleghem, J., et al., 2006. Long-term efficacy and
tolerability of lanthanum carbonate: results from a 3-year study. Nephron. Clin.
Pract. 102 (2), c61-c71. https://doi.org/10.1159/000088932. 16224198.

Hutchison, A.J., Barnett, M.E., Krause, R., et al., 2008. Long-term efficacy and safety
profile of lanthanum carbonate: results for up to 6 years of treatment. Nephron Clin
Pract. 110 (1), c15-¢23. https://doi.org/10.1159/000149239 (PubMed PMID:
18667837; PubMed Central PMCID: PMCPMC2790759).

Jiang, C., Shang, J., Li, Z., et al., 2016. Lanthanum chloride attenuates osteoclast
formation and function via the downregulation of Rankl-induced Nf-kappab and
Nfatcl activities. J. Cell. Physiol. 231 (1), 142-151. https://doi.org/10.1002/
jcp.25065. 26060084 (Jan).

Komori, T., 2015. Animal models for osteoporosis. Eur. J. Pharmacol. 759, 287-294.
https://doi.org/10.1016/j.biopha.2016.09.045. 27685786 (Jul 15).

Lelovas, P.P., Xanthos, T.T., Thoma, S.E., et al., 2008. The laboratory rat as an animal
model for osteoporosis research. Comp. Med. 58 (5), 424-430.

Li, N., Cornelissen, D., Silverman, S., Pinto, D., Si, L., Kremer, 1., Bours, S., de Bot, R.,
Boonen, A., Evers, S., van den Bergh, J., 2020. An updated systematic review of cost-
effectiveness analyses of drugs for osteoporosis. PharmacoEconomics. 7, 1-29.
https://doi.org/10.1007/540273-020-00965-9. 33026634 (Oct).

Lim, H.-S., Lee, H.-H., Kim, T.-H., et al., 2016. Relationship between heavy metal
exposure and bone mineral density in Korean adult. J. Bone Metab. 23 (4), 223-231.

Malluche, H.H., Siami, G.A., Swanepoel, C., et al., 2008. Improvements in renal
osteodystrophy in patients treated with lanthanum carbonate for two years. Clin.
Nephrol. 70 (4), 284-295. 18826853 (Oct).

Mapara, M., Thomas, B.S., Bhat, K., 2012. Rabbit as an animal model for experimental
research. Dent. Res. J. 9 (1), 111.

Mawani, Y., Cawthray, J.F., Chang, S., et al., 2013. In vitro studies of lanthanide
complexes for the treatment of osteoporosis. Dalton Trans. 42 (17), 5999-6011.
https://doi.org/10.1039/c2dt32373g. 23299719 (May 7).

McElroy, J.F., Wade, G.N., 1987. Short- and long-term effects of ovariectomy on food
intake, body weight, carcass composition, and brown adipose tissue in rats. Physiol.
Behav. 39 (3), 361-365. 3575476.

Meunier, V., Bourrie, M., Berger, Y., et al., 1995. The human intestinal epithelial cell line
Caco-2; pharmacological and pharmacokinetic applications. Cell Biol. Toxicol. 11
(3-4), 187-194. 8564649 (Aug).

Meunier, P.J., Slosman, D.O., Delmas, P.D., et al., 2002. Strontium ranelate: dose-
dependent effects in established postmenopausal vertebral osteoporosis—a 2-year
randomized placebo controlled trial. J. Clin. Endocrinol. Metab. 87 (5), 2060-2066.
https://doi.org/10.1210/jcem.87.5.8507. 11994341 (May).

Miyagawa, M., Daimon, T., 2010. Effects of intravenously injected lanthanum chloride
on the femur of rats. Biomed. Res. Trace Elem. 21 (3), 171-176.

Oftadeh, R., Perez-Viloria, M., Villa-Camacho, J.C., et al., 2015. Biomechanics and
mechanobiology of trabecular bone: a review. J. Biomech. Eng. 137 (1), 010802.

Panahifar, A., Chapman, L.D., Weber, L., et al., 2018. Biodistribution of strontium and
barium in the developing and mature skeleton of rats. J. Bone Miner. Metab. https://
doi.org/10.1007/s00774-018-0936-x. 29923023 (Jun 19).

Pemmer, B., Roschger, A., Wastl, A,, et al., 2013. Spatial distribution of the trace
elements zinc, strontium and lead in human bone tissue. Bone 57 (1), 184-193.


http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0005
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0005
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0005
https://doi.org/10.1039/b705123a
pmid:17992287
https://doi.org/10.1111/j.1523-1755.2005.00281.x
pmid:15840030
https://doi.org/10.1016/j.bone.2005.11.022
https://doi.org/10.1016/j.bone.2005.11.022
pmid:16412714
https://doi.org/10.3109/15563650.2014.923903
pmid:24905573
https://doi.org/10.1016/j.juro.2012.08.199
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0035
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0035
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0040
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0040
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0040
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0045
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0045
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0045
https://doi.org/10.1007/s13346-017-0394-3
https://doi.org/10.1007/s13346-017-0394-3
pmid:28589453
https://doi.org/10.1146/annurev-med-052218-020620
https://doi.org/10.1146/annurev-med-052218-020620
pmid:31509477
https://doi.org/10.14245/kjs.2017.14.2.35
https://doi.org/10.14245/kjs.2017.14.2.35
https://doi.org/10.2215/CJN.04151206
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0070
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0070
pmid:11336927
https://doi.org/10.2165/00003088-200847090-00001
https://doi.org/10.2165/00003088-200847090-00001
pmid:18698878
https://doi.org/10.1093/ndt/gfq682
https://doi.org/10.1016/j.mcna.2020.06.004
https://doi.org/10.1016/j.mcna.2020.06.004
pmid:32773051
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0095
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0095
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0100
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0100
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0100
https://doi.org/10.1007/s00774-019-01018-8
https://doi.org/10.1007/s00774-019-01018-8
pmid:31214836
https://doi.org/10.1093/rheumatology/kep274
https://doi.org/10.1093/rheumatology/kep274
pmid:19783592
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0115
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0115
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0115
https://doi.org/10.1159/000088932
pmid:16224198
https://doi.org/10.1159/000149239
https://doi.org/10.1002/jcp.25065
https://doi.org/10.1002/jcp.25065
pmid:26060084
https://doi.org/10.1016/j.biopha.2016.09.045
pmid:27685786
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0140
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0140
https://doi.org/10.1007/s40273-020-00965-9
pmid:33026634
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0150
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0150
pmid:18826853
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0160
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0160
https://doi.org/10.1039/c2dt32373g
pmid:23299719
pmid:3575476
pmid:8564649
https://doi.org/10.1210/jcem.87.5.8507
pmid:11994341
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0185
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0185
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0190
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0190
https://doi.org/10.1007/s00774-018-0936-x
https://doi.org/10.1007/s00774-018-0936-x
pmid:29923023

Y. Dietal

https://doi.org/10.1016/j.bone.2013.07.038 (Nov, PubMed PMID: 23932972;
PubMed Central PMCID: PMCPMC3807669).

Pennick, M., Dennis, K., Damment, S.J., 2006. Absolute bioavailability and disposition of
lanthanum in healthy human subjects administered lanthanum carbonate. J. Clin.
Pharmacol. 46 (7), 738-746. https://doi.org/10.1177/0091270006289846.
16809799 (Jul).

Permuy, M., Lopez-Pena, M., Munoz, F., Gonzdlez-Cantalapiedra, A., 2019. Rabbit as
model for osteoporosis research. J. Bone Miner. Metab. 1, 1. https://doi.org/
10.1007/s00774-019-01007-x. 31087186 (Jul).

Pytlik, M., Kaczmarczyk-Sedlak, 1., Sliwinski, L., et al., 2004. Effect of concurrent
administration of alendronate sodium and retinol on development of changes in
histomorphometric parameters of bones induced by ovariectomy in rats. Pol. J.
Pharmacol. 56 (5), 571-579. 15591645 (Sep-Oct).

Quade, M., Vater, C., Schlootz, S., Bolte, J., Langanke, R., Bretschneider, H.,

Gelinsky, M., Goodman, S.B., Zwingenberger, S., 2020. Strontium enhances BMP-2
mediated bone regeneration in a femoral murine bone defect model. J. Biomed.
Mater. Res. B Appl. Biomater. 108 (1), 174-182. https://doi.org/10.1002/jbm.
b.34376. 30950569 (Jan).

Ravanetti, F., Scarpa, E., Farina, V., et al., 2015. The effect of age, anatomical site and
bone structure on osteogenesis in New Zealand White rabbit. Journal of Biological
Research-Bollettino della Societa Italiana di Biologia Sperimentale 88 (2).

Reginster, J.Y., Seeman, E., De Vernejoul, M.C., et al., 2005. Strontium ranelate reduces
the risk of nonvertebral fractures in postmenopausal women with osteoporosis:
Treatment of Peripheral Osteoporosis (TROPOS) study. J. Clin. Endocrinol. Metab.
90 (5), 2816-2822. https://doi.org/10.1210/jc.2004-1774. 15728210 (May).

von Rosenberg, S.J., Wehr, U.A., 2012. Lanthanum salts improve bone formation in a
small animal model of post-menopausal osteoporosis. J. Anim. Physiol. Anim. Nutr.
(Berl.) 96 (5), 885-894. https://doi.org/10.1111/j.1439-0396.2012.01326.x. 22
845174 (Oct).

Ross, R.D., Sumner, D.R., 2017. Bone matrix maturation in a rat model of intra-cortical
bone remodeling. Calcified Tissue International 101 (2), 193-203. https://doi.org/
10.1007/500223-017-0270-7 (Aug 1, PMID: 28374176 PMCID: PMC5500434).

Scimeca, M., Feola, M., Romano, L., et al., 2017. Heavy metals accumulation affects bone
microarchitecture in osteoporotic patients. Environ. Toxicol. 32 (4), 1333-1342.
https://doi.org/10.1002/tox.22327. 27464007 (Apr).

Shigematsu, T., Tokumoto, A., Nakaoka, A, et al., 2011. Effect of lanthanum carbonate
treatment on bone in Japanese dialysis patients with hyperphosphatemia. Ther.
Apher. Dial. 15 (2), 176-184. https://doi.org/10.1111/j.1744-9987.2010.00898.x.
21426511 (Apr).

Silva, R.A., Sousa-Pereira, A.P., Lucisano, M.P., Romualdo, P.C., Paula-Silva, F.W.,
Consolaro, A., Silva, L.A., Nelson-Filho, P., 2020. Alendronate inhibits osteocyte
apoptosis and inflammation via IL-6, inhibiting bone resorption in periapical lesions
of ovariectomized rats. Int. Endod. J. 53 (1), 84-96. https://doi.org/10.1111/
iej.13206. 31429089 (Jan).

Spasovski, G.B., Sikole, A., Gelev, S., et al., 2006. Evolution of bone and plasma
concentration of lanthanum in dialysis patients before, during 1 year of treatment
with lanthanum carbonate and after 2 years of follow-up. Nephrol Dial Transpl. 21

Bone Reports 14 (2021) 100753

(8), 2217-2224. https://doi.org/10.1093/ndt/gfl146 (Aug, PubMed PMID: WOS:
000239906500028; English).

Sundar, S., Pandey, K., Thakur, C.P., et al., 2014. Efficacy and safety of amphotericin B
emulsion versus liposomal formulation in Indian patients with visceral
leishmaniasis: a randomized, open-label study. PLoS Negl Trop Dis. 8 (9), €3169
https://doi.org/10.1371/journal.pntd.0003169 (Sep, PubMed PMID: 25233346;
PubMed Central PMCID: PMCPMC4169371).

Toussaint, N.D., Pedagogos, E., Lioufas, N.M., Elder, G.J., Pascoe, E.M., Badve, S.V.,
Valks, A., Block, G.A., Boudville, N., Cameron, J.D., Campbell, K.L., 2020.

A randomized trial on the effect of phosphate reduction on vascular end points in
CKD (IMPROVE-CKD). Journal of the American Society of Nephrology 31 (11),
2653-2666. https://doi.org/10.1681/ASN.2020040411 (Nov 1, PMID: 32917784
PMCID: PMC7608977 (available on 2021-11-01)).

Tu, K.N., Lie, J.D., Wan, C.K.V., et al., 2018. Osteoporosis: a review of treatment options.
P T 43 (2), 92-104 (Feb, PubMed PMID: 29386866; PubMed Central PMCID:
PMCPMC5768298 this article).

Wanderman, N.R., Mallet, C., Giambini, H., et al., 2018. An ovariectomy-induced rabbit
osteoporotic model: a new perspective. Asian Spine J. 12 (1), 12-17. https://doi.
org/10.4184/asj.2018.12.1.12 (Feb, PubMed PMID: 29503677; PubMed Central
PMCID: PMCPMC5821917).

Wang, X., Yuan, L., Huang, J., et al., 2008. Lanthanum enhances in vitro osteoblast
differentiation via pertussis toxin-sensitive gi protein and ERK signaling pathway.
J. Cell. Biochem. 105 (5), 1307-1315. https://doi.org/10.1002/jcb.21932. 1881
0761 (Dec 1).

Weekes, D., Cawthray, J., Rieder, M., et al., 2017. La (III) biodistribution profiles from
intravenous and oral dosing of two lanthanum complexes, La (dpp) 3 and La (XT),
and evaluation as treatments for bone resorption disorders. Metallomics. 9 (7),
902-909.

Yang, Y., Shah, R.B., Yu, L.X,, et al., 2013. In vitro bioequivalence approach for a locally
acting gastrointestinal drug: lanthanum carbonate. Mol. Pharm. 10 (2), 544-550.
https://doi.org/10.1021/mp300517p. 23249191 (Feb 4).

Yu, C., Gong, J., Yin, F.L., Huang, J., Zhang, T.L., Wang, K., 2017. Influences of LaCl3 on
the mineral phase transformation during osteoblast mineralization in vitro.

J. Environ. Sci. 51, 88-96. https://doi.org/10.1016/].jes.2016.06.029. 28115154
(Jan 1).

Zhang, C., Wen, J,, Li, Z., et al., 2013. Efficacy and safety of lanthanum carbonate on
chronic kidney disease-mineral and bone disorder in dialysis patients: a systematic
review. BMC Nephrol. 14, 226. https://doi.org/10.1186/1471-2369-14-226 (Oct 17,
PubMed PMID: 24134531; PubMed Central PMCID: PMCPMC3853136).

Zhang, Z., Ren, H., Shen, G., Qiu, T., Liang, D., Yang, Z., Yao, Z., Tang, J., Jiang, X.,
Wei, Q., 2016. Animal models for glucocorticoid-induced postmenopausal
osteoporosis: an updated review. Biomed. Pharmacother. 84, 438-446. https://doi.
org/10.1016/j.biopha.2016.09.045. 27685786 (Dec 1).

Zhang, S., Liu, Q., Li, L., Bai, Y., Yang, B., 2018. The controllable lanthanum ion release
from Ca-P coating fabricated by laser cladding and its effect on osteoclast precursors.
Mater. Sci. Eng. C 93, 1027-1035. https://doi.org/10.1016/j.msec.2018.08.059.
30274033 (Dec 1).


https://doi.org/10.1016/j.bone.2013.07.038
https://doi.org/10.1177/0091270006289846
pmid:16809799
https://doi.org/10.1007/s00774-019-01007-x
https://doi.org/10.1007/s00774-019-01007-x
pmid:31087186
pmid:15591645
https://doi.org/10.1002/jbm.b.34376
https://doi.org/10.1002/jbm.b.34376
pmid:30950569
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0225
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0225
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0225
https://doi.org/10.1210/jc.2004-1774
pmid:15728210
https://doi.org/10.1111/j.1439-0396.2012.01326.x
pmid:22845174
pmid:22845174
https://doi.org/10.1007/s00223-017-0270-7
https://doi.org/10.1007/s00223-017-0270-7
https://doi.org/10.1002/tox.22327
pmid:27464007
https://doi.org/10.1111/j.1744-9987.2010.00898.x
pmid:21426511
https://doi.org/10.1111/iej.13206
https://doi.org/10.1111/iej.13206
pmid:31429089
https://doi.org/10.1093/ndt/gfl146
https://doi.org/10.1371/journal.pntd.0003169
https://doi.org/10.1681/ASN.2020040411
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0275
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0275
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0275
https://doi.org/10.4184/asj.2018.12.1.12
https://doi.org/10.4184/asj.2018.12.1.12
https://doi.org/10.1002/jcb.21932
pmid:18810761
pmid:18810761
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0290
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0290
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0290
http://refhub.elsevier.com/S2352-1872(21)00008-5/rf0290
https://doi.org/10.1021/mp300517p
pmid:23249191
https://doi.org/10.1016/j.jes.2016.06.029
pmid:28115154
https://doi.org/10.1186/1471-2369-14-226
https://doi.org/10.1016/j.biopha.2016.09.045
https://doi.org/10.1016/j.biopha.2016.09.045
pmid:27685786
https://doi.org/10.1016/j.msec.2018.08.059
pmid:30274033

	Evaluation of La(XT), a novel lanthanide compound, in an OVX rat model of osteoporosis
	1 Background
	2 Materials
	2.1 Methodologies
	2.1.1 Animal study
	2.1.2 Experimental diets
	2.1.3 Biochemistry profile
	2.1.4 Histology
	2.1.5 Micro-CT imaging of tibia
	2.1.6 Mechanical test of tibia

	2.2 Statistical analysis

	3 Results and discussion
	3.1 Basic characteristics of experimental animals
	3.2 Biochemistry profile
	3.3 Micro-CT imaging
	3.4 Mechanical tests

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	References


