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Abstract

Bone acts as a reservoir for many trace elements. Understanding the extent and pattern of elemental accumulation in the
skeleton is important from diagnostic, therapeutic, and toxicological perspectives. Some elements are simply adsorbed to bone
surfaces by electric force and are buried under bone mineral, while others can replace calcium atoms in the hydroxyapatite
structure. In this article, we investigated the extent and pattern of skeletal uptake of barium and strontium in two different age
groups, growing, and skeletally mature, in healthy rats. Animals were dosed orally for 4 weeks with either strontium chloride
or barium chloride or combined. The distribution of trace elements was imaged in 3D using synchrotron K-edge subtrac-
tion micro-CT at 13.5 um resolution and 2D electron probe microanalysis (EPMA). Bulk concentration of the elements in
serum and bone (tibiae) was also measured by mass spectrometry to study the extent of uptake. Toxicological evaluation did
not show any cardiotoxicity or nephrotoxicity. Both elements were primarily deposited in the areas of active bone turnover
such as growth plates and trabecular bone. Barium and strontium concentration in the bones of juvenile rats was 2.3 times
higher, while serum levels were 1.4 and 1.5 times lower than adults. In all treatment and age groups, strontium was preferred
to barium even though equal molar concentrations were dosed. This study displayed spatial co-localization of barium and
strontium in bone for the first time. Barium and strontium can be used as surrogates for calcium to study the pathological
changes in animal models of bone disease and to study the effects of pharmaceutical compounds on bone micro-architecture
and bone remodeling in high spatial sensitivity and precision.
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EPMA Electron probe micro analysis

GLM General linear model

ICP-MS Inductively coupled plasma mass
spectrometry

ICP-OES Inductively coupled plasma optical emission
spectrometry

KES K-edge subtraction

Micro-CT Micro-computed tomography

PET Positron emission tomography

SPECT Single-photon-emission computed
tomography

XRF X-ray fluorescence imaging

Introduction

Distribution of trace elements in the body and their accu-
mulation into skeleton has been documented for a long
time. With the introduction of new technologies, the abil-
ity to not only detect and quantify the presence, but also
to visualize the location of the elements becomes feasible.
Elements from various groups are known to accumulate in
bone [1-3]; however, those from group 2, the alkali earth
metals, are of particular interest because of their strong affin-
ity for bone. Calcium, the most abundant inorganic element
in bone’s hydroxyapatite crystalline matrix, belongs to this
group. Due to the similarity in the chemical and physical
properties such as electric charge and ionic radius, many
elements in alkali earth metals group can incorporate into
bone through adsorption to the surface or by replacing cal-
cium atoms in the hydroxyapatite structure [4—6]. This is
significant from diagnostic, therapeutic, and even toxico-
logical perspectives. For example, if one element is incor-
porated in the structure of hydroxyapatite, instead of weak
adsorption to the surface, then the long-term effects of that
element on bone cells become important as well as radia-
tion decay pattern and half-life if the element is radioactive.
Radioactive forms of bone-seeking elements (e.g., 3fluo-
rine, ¥strontium) have been used for palliative treatment [7,
8] or diagnosis of cancers affecting musculoskeletal system.
None-radioactive forms of some elements such as strontium
[9, 10], and more recently lanthanum [11, 12], have been
suggested for treatment of musculoskeletal diseases such as
osteoporosis. Though, possible overestimation of benefits
for osteoporosis, measured by X-ray absorptiometry, must
be considered due to larger attenuation of photons by these
heavier elements [13].

Incorporation of strontium and barium in bone and more
specifically in the hydroxyapatite structure has been stud-
ied by our group and others [5, 14—16]. Spatial distribution
of elements can be imaged by 2-dimensional (2D) methods
such as autoradiography (if radioactive) [6], Electron Probe
Micro Analysis (EPMA) [17, 18], and X-ray fluorescence
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imaging (XRF) [1], or 3-dimensional (3D) methods such
as dual energy K-edge subtraction (KES) micro-computed
tomography (micro-CT), which is employed in this study
[[19]14-16]. Although gamma rays from single-photon-
emission computed tomography (SPECT) and positron-
emission tomography (PET) can also be reconstructed to 3D
images, due to their low resolution, they are not discussed
in this article. Radioisotopes of strontium have been used in
clinics for a long time, while stable forms as calcium sur-
rogates have only recently been proposed to be of diagnostic
value in preclinical animal models or biopsies from humans
[14]. We have further looked at the possibility of using stable
barium as a bone turnover tracer using KES [15] and spectral
KES [20] methods that are suitable for ex vivo and in vivo
applications, respectively. The sample dimensions for imag-
ing are dictated by its X-ray linear attenuation coefficient,
which is dependent on scanning X-ray energy. Diagnostic
use of strontium as a 3D tracer is mostly suited for investi-
gating small sample biopsies due to its low K-edge energy
(16.105 keV) that consequently limits the sample dimen-
sions to 2-3 mm thickness of bone (strontium contribution
not included). On the other hand, barium is only present in
the body in minute amounts, is from the same group, and
has a K-edge energy of 37.441 keV which enables assess-
ment of much larger samples (20-25 mm bone thickness;
barium contribution not included). In fact, if barium and
strontium co-localize in the same area and are not associated
with major adverse effects, then barium could be considered
as a bone tracer, at least in preclinical studies.

Barium in its soluble form, which is the bioavailable
form, is highly toxic. The main toxicities of barium are asso-
ciated with the cardiovascular system as it acts as a potas-
sium channel blocker; hence, it will cause cardiac arrest if
sufficient concentration is consumed [21]. The toxic effects
of barium on heart can be measured from the electrocardio-
gram (ECG) as the cardiotoxicity is manifested by prolonga-
tion of the Q—T interval. However, in low doses, barium has
been indicated as safe [22, 23]. In our previous studies with
low-dose administration of barium for 4 weeks, we did not
observe any obvious side effects [15]. On the other hand,
strontium is not a potassium channel blocker and in some
countries is available either as prescription or an over-the-
counter supplement for increasing bone mineral density via a
suggested dual effect mechanism of simultaneously reducing
bone resorption and promoting bone formation, though its
mechanism and effectiveness is still subject to debate [24,
25]. Recently, concerns were raised about the increased risks
of cardiovascular disease in patients who received long-term
strontium ranelate, concerns that may lead to discontinuation
of the drug for osteoporosis treatment [26]. In the current
study, only low doses of strontium and barium chloride were
used, for a short period of time. Moreover, we collected elec-
trocardiogram and blood sample for in-depth toxicological
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assessment. This article focuses on comparing the nature,
extent, and pattern of the accumulation of barium and stron-
tium in the skeleton of healthy rats from juvenile and adult
age groups. We hypothesize that barium and strontium will
co-localize in the same regions, primarily in the newly form-
ing sites. If barium, at a safe dose, can target areas of bone
remodeling, it can be employed as a tracer for investigating
role of remodeling in the preclinical models of bone disease,
and subsequently for evaluating drug effectiveness in those
conditions. Beyond archaeological studies [27, 28], there
are very few articles that compare the pattern and extent
of incorporation of alkali earth metals in the bone. To the
best of our knowledge, this article is the first to compare the
spatial distribution of strontium and barium in the skeleton.

Materials and methods
Materials

Barium chloride dihydrate (BaCl,-2H,0, >99% purity,
MW 244.26 g/mol) and strontium chloride hexahydrate
(SrClL,-6H,0, 99% purity, MW 266.62 g/mol) were pur-
chased from Sigma-Aldrich (Oakville, ON, Canada).
Urea (DIUR-500) assay kit was purchased from BioAssay
Systems.

Animals

36 healthy Sprague—Dawley male rats of two different age
groups of 1-month old (i.e., developing skeleton) or 8-month
old (i.e, mature skeleton) were randomly divided into 8
groups (Table 1).

Upon arrival, rats were acclimatized for 1 week. Two rats
were housed in each cage.

Weights of animals were recorded weekly. Barium chlo-
ride and/or strontium chloride were dissolved in distilled
water and dosed to animals orally with a curved feeding
needle at equal molar concentrations for 28 days. Barium
dosage was 58.5 mg/kg/day (equivalent to 33 mg/kg/day
free Ba®") and strontium dosage was 64.75 mg/kg/day
(equivalent to 21.3 mg/kg/day free Sr**), while the co-dosed

Table 1 Experimental groups

groups received both strontium and barium. The dosage was
selected based on our previous work to achieve detectable
elemental levels in bone without toxic adverse effects [15,
20]. Control animals received the same volume (1 mL/
kg) of distilled water. Animals were fasted 2 h before and
after the administration to minimize competitive uptake of
dietary calcium by bone. Animals received sweetened dry
breakfast cereal as treat after each treatment. After 28 days
of treatment, rats were euthanized by exsanguination while
under isoflurane anesthesia. Blood samples were collected
at the baseline and at the time of euthanasia. Hind limbs
were dissected free of soft tissues and were frozen for
later KES imaging. The animal use protocol (# 20110124)
was approved by the University of Saskatchewan Animal
Research Ethics Board.

Synchrotron K-edge subtraction imaging

The 3D distribution of barium and strontium in bones was
imaged using high-resolution synchrotron KES-micro-CT
imaging at the Biomedical imaging and therapy (BMIT)-
bending magnet beamline [29] of the Canadian light source
(CLS). The full details on this methodology are reported in
our previous published works [14—16]. Briefly, bones were
air-dried in an oven at 45 °C for 24 h. This is necessary as
evaporation of moisture in samples during imaging com-
plicates image analysis. Tibial and femoral epiphyses were
transversely cut from their metaphyses for mounting on the
sample holder with superglue. Barium-dosed bones were
scanned as whole epiphyses, while strontium-dosed samples
were cut in smaller pieces (approximately 2-3 mm solid
bone thickness) to avoid photon starvation artifacts at the
low energy K-edge of strontium [14].

The K-edge of strontium and barium occurs at 16.105
and 37.441 keV, respectively. Samples were scanned slightly
above (E ,.) and below (Eg,,,,) the K-edge energies, fol-
lowed by the subtraction of the two data sets, specifically,
37.441 +0.060 keV for barium and 16.105 +0.050 keV for
strontium. These energy gaps were determined by observ-
ing complete ‘edge-crossing’, while phantoms were in the
beam pathway. The scans consisted of 1125 projections
collected at each energy through 180° rotation in step and

Group Barium old Co-dosed old Strontium old ~ Control old  Barium Co-dosed young Strontium  Control

(BAO) (BSO) (SRO) (CONO) young (BSY) young young
(BAY) (SRY) (CONY)
Age Adult (8-month old) Juvenile (1-month old)
Treatment Barium Barium and Strontium Water Barium Barium and Strontium Water
Strontium strontium
Number of 6 6 6 3 6 6 6 3
animals

@ Springer



388

Journal of Bone and Mineral Metabolism (2019) 37:385-398

shoot mode with 0.16° angular step. A Hamamatsu ORCA-
Flash 4.0 detector at 13.5 um pixel size coupled with an
AAG60 scintillator [10 pm, P43 (Gd,0,S:Tb)] was used. The
sides of camera were covered with a lead shielding to reduce
response from scattered X-rays and cooled with water to fur-
ther reduce electronic noise. ‘Before’ and ‘after’ each scan,
10 projections were acquired with no object in the path (i.e.,
bright field images), as well as 10 projections with no X-rays
(i.e., dark field images), to perform image normalization.
The synchrotron ring flux decay was also corrected with flat
‘before’ and ‘after’ projections using the ANKAphase soft-
ware [30]. A 0.5 mm aluminum filter was placed before the
monochromator for imaging at the strontium energies and a
1.1 mm aluminum filter for imaging at the barium energies
to reduce power loading on the monochromator. Exposure
time was automatically set at maximum photon count for
each scan using the detector software and kept constant dur-
ing the scan. Exposure times ranged from 3 to 4 s/projection
and 1-1.5 s/projection for barium and strontium energies,
respectively. Reconstruction of the data was performed using
the Nrecon software v.1.6.10.2 (Bruker micro-CT, Belgium).
Amira v.6.0.0 (FEI, France) was used to visualize the data
set, and for 3D registration and subtraction of the CT data
sets. Since KES is a quantitative imaging method, the spatial
concentration of elements of interest was obtained.

Electron probe microanalysis (EMPA)

To validate the results from the KES-micro-CT, same sam-
ples were scanned with EPMA (Cameca SX100, Cedex,
France). Samples were immersed in 95% ethanol for
2 weeks, followed by 1 week immersion in acetone and
2 days in an oven at 45 °C. Subsequently, the samples were
embedded in epoxy (EpoThin, Buehler Ltd.) and surface-
polished for mapping. The mapping parameters were: pixel
size=35 um or 7 pm, exposure time= 15 ms, current=30 nA.
The maps of following elements were acquired: strontium,
barium, calcium, phosphorus, magnesium.

Toxicological evaluation

To investigate the possible adverse effects of barium on the
cardiovascular system (e.g., Q-T interval prolongation), rats
were anesthetized with isoflurane and ECG was collected at
1 day after the termination of the dosing period. The car-
diotoxicity of barium is known to be caused by blocking K*
channels [21]; however, strontium is not known to block K*
channels. Due to technical issues, ECG was not collected
from control groups, and strontium-treated rats were consid-
ered as controls for the purpose of ECG experiment.

To assess the toxicity of barium and strontium administra-
tion on kidneys, blood urea levels were measured by ELISA
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assay (enzyme-linked immunosorbent assay). The procedure
was followed according to manufacturer’s protocol and tests
were run in duplicates. Serum was separated by centrifuging
blood samples at 4000 rpm and 4 °C for 20 min and stored
at —20 °C.

Mass spectrometry

Three whole tibiae from each group were dried in an oven at
45 °C and were powdered using a previously cleaned mortar
and pestle. Powdered samples were weighed and submitted
for inductively coupled plasma mass spectrometry (ICP-MS)
to determine elemental content. Moreover, serum samples
from 3 animals of each group were submitted for mass spec-
trometry using inductively coupled plasma optical emission
spectrometry (ICP-OES). To control the quality of the daily
dosing solutions, aliquots were analyzed using ICP-OES.

Statistical analysis

Statistical analyses were performed by the IBM SPSS Statis-
tics software (version 24). Univariate General Linear Model
(GLM), t test, and Pearson’s correlation tests were used
in this study. The type of test used for each experiment is
explained in the results section. Statistical significance was
p <0.05. Shapiro—Wilk test was used for test of normality
and Tukey’s test was used for post hoc analysis.

Results

All animals tolerated the treatments well, and no apparent
signs of toxicity were observed. All animals gained weight
at a similar rate during the study (Supplemental Informa-
tion). Barium and strontium were primarily incorporated
in the areas of active bone formation during the treatment.
Those areas were limited to occasional bone remodeling in
trabecular and cortical bone in the adult rats, whereas in the
juveniles, significantly higher concentrations were incorpo-
rated in both trabecular and cortical bones and in broader
regions. Barium and strontium deposits were found in the
growth plates of older rats, because growth plates never
close completely in rats; however, the concentration of the
elements was significantly lower compared to juvenile ani-
mals that were quickly growing at the time of administration.
Although quantitative analysis of maximum concentration
per pixel was not carried out, qualitative examination of the
concentration scale bars shows that maximum concentration
of each trace element is within a similar range regardless
of age, but the number of active bone formation regions is
much less prevalent in the older rats (Fig. 1).

As hypothesized, barium and strontium co-localized
in the same regions (Figs. 2, 3, 5, 6). The BSY (co-dosed
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Barium Young
group (BAY)

5

10 15

Ba Concentration (mg/cm?3)

Barium Old
group (BAO)

Fig.1 3D KES images of barium distribution. a Accumulation of
barium in the tibia of a juvenile rat. b Distribution of barium in the
tibia of an adult rat. Bones are rendered in grey and barium concen-
tration is represented in colour on top of the grey render. Note that the

young) and BSO (co-dosed old) groups received equal
molarity of both strontium and barium. The KES scans of
these samples were collected around the K-edge energies of
both elements. The subtle differences in their spatial location
are due to noise and relatively thick samples for strontium
K-edge imaging that completely attenuates some of the low
energy X-rays within the sample. This is avoidable by col-
lecting longer scans and thinner samples. The difference
between the concentrations is explained in “Discussion”.
Barium and strontium were only present in minute con-
centrations in the bones of control animals [Figs. 4, 5,
CONO (control old) group]. Concentrations in some sam-
ples were below the detection limit of ICP-MS, whereas the

barium concentration range per pixel is similar; however, bone form-
ing regions are more prevalent in the juvenile rat. The insets show the
plain 3D models of the respective bones for the sole purpose of ana-
tomical reference

KES showed some faint signal that could be attributed to
noise and misregistration of the ‘above’ and ‘below’ images.

EPMA images have relatively better signal-to-noise ratio,
are not affected by the thickness of sample for barium and
strontium mapping (i.e., EPMA is a surface method), and
misregistering of images are not applicable. EPMA data
(Figs. 5, 6) confirm that the same pattern of incorporation
observed in the KES 3D images.

Juvenile animals had incorporated more strontium and
barium than the adults, despite having lower concentra-
tions of these elements in their serum (Table 2; Fig. 7).
The effect of age on barium and strontium uptake was
tested with a ¢ test between pooled young and old groups.
Young rats receiving strontium had incorporated 2.3-fold

@ Springer
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Barium distribution

Co-dosed Old
group (BSO)

5 10 15

Ba Concentration (mg/cm?)

Fig.2 Co-localization of barium and strontium in adult rats. a, ¢ Bar-
ium distribution in the tibia of a co-dosed adult animal. b, d Stron-
tium distribution in the same sample. The bottom panels are a stack
of 20 CT slices for better visualization of finer details. Bones are ren-
dered in grey and barium concentration is represented in colour on

more strontium in their bone than old rats (p =0.003),
whereas serum levels of strontium were 1.5 times less in
juveniles (p =0.042). Similarly, young rats receiving bar-
ium had incorporated 2.3-fold more barium than old rats in
their bone (p =0.0005). Serum levels of barium were also
lower in juvenile rats, however, that difference was not sta-
tistically significant (p =0.066), likely due to small sample
number. Co-administration did not have any effect on the
amount of barium or strontium intake by bone, compared
to singly dosed groups.

@ Springer

a Strontium distribution b

2.5 5 7.5

Sr Concentration (mg/cm3)

d

top of the grey render. The colored arrows indicate co-localization
of barium and strontium in the same regions. The white arrowheads
indicate accumulation of barium and strontium in the growth plate.
The inset shows a plain 3D model of the respective bone

There was no statistical difference in the serum levels of
strontium among the treatment groups that received stron-
tium (either solely or in combination with barium). The
same was true for the barium treated groups. Univariate
analysis of variance with Tukey’s post hoc analysis was used
for between groups comparison. BSY group incorporated 2.7
times more strontium (p =0.023) and 2.1 times more barium
(»=0.007) in bone compared to BSO group. In addition,
it incorporated 2.4-folds more strontium than SRO (stron-
tium old) (p=0.035) and 3.0-fold more barium than BAO
(barium old) (p=0.001) groups. BAY (barium young) group
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Barium distribution

Co-dosed Young
group (BSY)

5 10 15

Ba Concentration (mg/cm3)

Fig.3 Co-localization of barium and strontium in juvenile rats. a,
¢ Barium distribution in the tibia of a co-dosed juvenile animal. b,
d Strontium distribution in the same sample. The bottom panels are
a stack of 20 CT slices for better visualization of finer details. The

incorporated 2.6-fold more barium in bone than BAO group
(»=0.006) and 1.8-folds more than BSO (p=0.033). The
similar pattern was witnessed for SRY (strontium young)
group, though it was not statistically significant, likely due
to the small sample number.

Pearson correlation between pooled strontium values (all
groups that received strontium) in serum and bone for each
age group did not show any significant linear relationship.
The same results were obtained for barium-dosed groups.
This indicates that though higher dosage of barium and
strontium results in higher serum concentration (until reach-
ing a plateau), this does not necessarily mean that more bar-
ium and strontium atoms will incorporate in the bone. It is
stipulated that the rate of bone turnover and range of active
turnover regions during the administration play a larger role
than sole bioavailability in the uptake of elements by bone.

Strontium distribution

Sr Concentration (mg/cm?3)

colored arrows indicate co-localization of barium and strontium in the
same regions. Note the significantly higher number of calcification
and remodeling events compared to older animals (Fig. 2). The inset
shows a plain 3D model of the respective bone

Analysis of raw calcium concentrations in bone or serum
showed no statistical difference among treatment groups
or age groups. However, analysis of calcium/(gram bone)
showed that younger animals had significantly higher cal-
cium/(gram bone) than older animals (1.3-fold difference,
p=0.001) (data not shown here). Pearson correlation did
not show any significant relation between serum calcium and
calcium in bone, whether raw calcium or calcium/bone ratio
were used. Element/bone ratio in statistical tests was not
used for barium or strontium because of highly site-specific
nature of their distributions in bone.

To assess nephrotoxicity of barium and strontium on
kidneys urea levels in serum were measured. For statistical
analysis, two-way mixed analysis of variance (ANOVA) was
used to investigate the interaction of age with treatments.
Box plots were used to identify outliers, where any value
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CONO group

5 10 15
|

Ba Concentration (mg/cm3)

|
1mm

Fig.4 3D image of the control group. The image shows femur of
an adult rat from the control group. The faint signal is likely artifact
and created by noise, misregistration, and subtraction of the ‘above’

more than 3 box length was identified as an outlier and hence
removed from the analysis. There was a statistically sig-
nificant two-way interaction between serum urea level and
age, in which urea level increased with age, F(7, 26)=7.29,
p<0.0005, partial 7>=0.662 (Table 3). For comparison of
the mean values, GLM univariate test was used, with Tuk-
ey’s post hoc test. Treatments did not change urea levels in
serum, as evidenced by the lack of difference among groups
at week 4. All groups except CONO and BSO showed a sig-
nificant increase in serum urea levels from week 0 to week
4, which was associated with age (Table 3).

The GLM univariate test and post hoc analysis between
groups did not show any significant difference in heart rate
or OQ-T, related to treatments in either of the age groups.
To investigate the effect of age on cardiovascular param-
eters, the six treatment groups were divided into two age
groups. A two-tailed independent ¢ test indicated that Q-T
was approximately 8.5 s longer in the older rats (p =0.039)
(Table 4). In addition, heart rate was slightly slower in older
animals; however, this was not statistically significant.

Discussion

This study showed that barium and strontium, two alkali
earth metals, are primarily incorporated in the areas of new
bone formation in the skeleton and will co-localize in the
same region, where new bone is being formed. It was shown
that both adults and juveniles show a similar maximum con-
centration of barium or strontium per pixel. This is despite
the fact that adult rats had more strontium and barium in
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and ‘below’ images. The measured concentration of barium in bone
by ICP-MS was negligible. The inset shows a plain 3D model of the
respective bone

their bloodstream (as the dosing was based on body weight),
and active formation regions are more prevalent in the juve-
nile animals. The fact that higher levels in the blood did not
result in higher levels in the bone reflects that bone turnover
rate and extent of calcification area are more relevant than
the serum concentration of bone-seeking elements in dictat-
ing the amount of element be taken up by bone. As a result,
younger individuals or individuals with bone pathologies
that alter the rate of remodeling (e.g., blastic bone tumors,
osteoporosis, etc.) will accumulate more strontium and bar-
ium than healthy adults, but still at the similar maximum
concentration per crystal of hydroxyapatite. Li et al. reported
that strontium atoms can replace up to 0.5 of 10 calcium
atoms in the mineral crystal [5].

KES data for quantifying the concentration of barium
in bone are very robust and accurate; however, strontium
maps in bone are more likely to suffer from a phenomenon
called photon starvation [16]. Because the K-edge energy
of strontium is relatively low (16.105 keV) for imaging
strontium in such a dense material as bone, the sample
must be thin (2-3 mm solid bone); otherwise, attenuation
of X-rays will be too great to enable sufficient detection
after the sample. In that case, the concentration of stron-
tium is underestimated and the fine details of the image
are compromised. Therefore, if the thickness of the sample
in XY plane is not less than 2—3 mm of bone, then for
quantitative comparison of strontium concentrations in
bone, ICP-MS data should be considered as gold standard
due to its high precision and low detection limits. Those
results correlate well with the EPMA signal strength and
indicate that strontium was preferred by bone to barium,
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Fig.5 EPMA 2D cross sections. The panel shows the distribution
of barium and strontium (distinguished in parenthesis) in the corti-
cal mid-shaft tibia from various groups. The co-dosed groups (BSY,
BSO) show the two elements accumulated in the same regions in
each age group. White arrows show incorporation of elements in the
endosteum and yellow arrows show deposition in the periosteum lay-

even though equal molar concentrations, where dosed. Our
findings are contrary to what Reeves et al. have suggested
that barium uptake by bone is 1.5-5 times higher than
calcium and strontium [31]. We discovered that barium
actually is deposited in smaller concentrations in bone, but
at a faster pace. That is in agreement with the literature
[32]. Harrison et al. found that 25 h after I.V. injection of
similar radioactivity doses of 33strontium and '**barium
into a healthy man, the plasma radioactivity was 19.0
and 1.7% of the initial dose, respectively [32]. Radioac-
tive half-lives of those radionuclides are sufficiently long
(65 days and 10 years, respectively) and are not a fac-
tor for having less barium in plasma. Barium is cleared
from the bloodstream faster than strontium, which also
explains the lower barium levels in serum found in our
study, since blood collection was performed 24 h after the
last dosing. No study has looked at the plasma levels of

ers. No barium and strontium signal was present in the CONO group
(i.e., control adults). SRY and BAY images show a similar pattern of
deposition in bones of the young rats. SRO and BAO images show
the same pattern of deposition for strontium and barium in the adult
rats

stable barium chloride and strontium chloride in the same
species after oral administration. Oral administration of
barium chloride in rats resulted in the highest plasma level
at 60 min post-administration [33]. Oral bioavailability
of strontium chloride in humans is 25+ 7% [34]. In rats,
only one study has looked at bioavailability of radioactive
barium chloride and strontium chloride (following 18 h
fasting) after oral administration in which absorption of
barium and strontium was 20.0 vs. 24.2% for 6-8-week-
old rats and 19.9 vs. 16.7% for 60-70-week-old rats [35].
In this study, we fasted animals for 2 h before and after
administration of elements, however, due to the similar
chemical structure and charge, we assumed that the bio-
availability of barium chloride and strontium chloride is
similar. Therefore, we suggest that preference of strontium
by bone is likely attributed to the closer ionic radii of Sr**
(132 pm) and Ca®* (114 pm) as opposed to Ba*>* radius
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Fig.6 Elemental distribution in the co-dosed adult rat. The panel rep-
resents the distribution of strontium, barium, magnesium, calcium,
and phosphorus in the tibia of a co-dosed adult rat. The strontium
and barium maps clearly show the incorporation of both elements
in the same trabecular and cortical regions (white arrows). The bony
region in the diaphyseal marrow shows trabecularization of the cor-

tex (i.e., endosteal bone layer) and is caused by cutting the bone too
close to the cortex. It appears that areas that incorporated barium and
strontium show slightly less concentration of calcium. That is a logi-
cal consequence as a certain number of barium and strontium atoms
exchange with calcium atoms in the hydroxyapatite

Table 2 Elemental
concentrations in serum and

Ca, Ba, and Sr concentrations in serum and whole tibia

whole tibia Group  Serum (ng/mL) Tibia (ppm)

Ca Sr Ba N Ca Sr Ba N
CONY 102,711+15,497 N/A 0 3 240,111+29,886 N/A 6+1 3
CONO 113,280+5,067 29+18 7+6 3 219,589+12,035 48+2 3+03 3
BAY 111,248 +3,151 48+8 236+42 3 193,703+44,532 46+7 642+140 3
BAO 110,391 5,008 13+1 259+42 3 223,063+26,321 46+6 244+64 3
BSY 107,706 +6,311  908+230  200+51 2 212,573+24,629 1527+186 738+119 3
BSO 108,488 +11,553 1,334+400 390+42 3 239,187+15,854 561+89 354+55 3
SRY 105,473 +6,221 972+240  4+7 3 169,985+21,338 1,301+570 4+05 3
SRO 105,352+4,209  1509+593 0 3 205,828+18,241 640+171 4+2 3

All values are represented as mean + standard deviation. Concentrations in some samples were below the
detection limit of ICP-MS, hence were replaced by 0. The values from the table are represented as graphs

in Fig. 7
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Fig.7 Elemental concentra-
tion in the serum and whole
tibia. Note that concentra-
tion of barium and strontium
in the serum is higher in the
adult rats, though not always
statistically significant. This
pattern is reversed when the
concentrations in the tibiae
are considered. In addition, in
the co-dosed animals of both
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(149 pm). Ionic radius and electric charge play important
roles in the percentage of metals that can replace Ca>* ions
in the hydroxyapatite structure.

The toxicological assessments used in this article did
not reveal any side effects associated with barium and
strontium on the cardiovascular system and kidneys. The
increased levels of urea in serum were associated with age
and there was no difference among groups [36]. The ECG
parameters indicated that R—R and O—T pyidericia) INtervals
and heart rates were similar among treatment groups. When
animals were pooled according to their ages, it was shown
that older animals had approximately 8.5 s longer Q7. The
ECG was not collected from control animals; however, since
strontium is not a K* channel blocker and especially at the

Serum es===Bone

sub-therapeutic doses is not known to affect the cardiovas-
cular system adversely, strontium groups were considered as
controls for the sake of ECG experiment.

Conclusions

This study for the first time investigated the pattern and
extent of incorporation of barium chloride and strontium
chloride in the same animals across two age groups in
healthy rats. Our results indicated that barium chloride is
absorbed from the gastrointestinal tract quicker than stron-
tium chloride and is incorporated in bone faster, however,
at smaller concentration. The lack of adverse effects at the
low doses administered, and the fact that both elements
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Table 3 Serum urea levels (mg/dL)

Group Baseline Week 4

Mean N Mean N
CONY 42.2+2.72% 3 63.0+4.03* (p=0.005) 3
CONO 60.5+13.90 3 55.6+1.76 (p=0.609) 3
BAY 43.1+4.80* 5 59.1+0.88* (p=0.002) 5
BAO 50.8+4.62* 5 61.2+7.60*% (p=0.030) 5
BSY 44.0£2.90* 5 60.0+3.79* (p=0.0005) 4
BSO 53.8+8.10 5 54.5+8.96 (p=0.830) 5
SRY 41.8+1.47* 4 61.5+2.30% (p=0.001) 5
SRO 49.6 +£3.80* 5 58.6+3.78* (p=0.028) 5

The urea levels in all treatment groups increased significantly during
the 4-week study, except for CONO and BSO. There was no differ-
ence in serum urea levels among treatment groups at baseline or end-
point. All values are represented as mean =+ standard deviation
*Statistical significance between values of each group from baseline
to week 4. For conversion to blood urea nitrogen use: [urea]/2.14

Table 4 ECG parameters

Group  O-Tyridericiy R—-Rinterval (ms)  Heartrate (ms) N
interval (ms)
BAY 91.0+8.6 191.6+13.2 3145+224 5
BAO 96.5+15.5 202.1+15.0 299.2+219 5
BSY 86.3+4.4 187.0+18.8 323.6+31.9 4
BSO 93.1+8.7 207.5+21.7 291.9+30.5 4
SRY 84.0+4.4 207.4+23.7 292.3+34.3 4
SRO 94.4+3.3 200.8+9.9 299.5+154 4

The Q-T, was approximately 8.5 s longer in adult rats. There was no
difference among treatment groups for the measured parameters

targeted the areas with high calcification rates, comprised
of bone formation and/or remodeling, promises that they can
be viewed as stable tracers of bone formation and remod-
eling in preclinical animal models for studying the changes
in micro-architecture and bone turnover at high resolution
using synchrotron-based imaging such as KES or XRF,
or conventional techniques like EPMA and desktop XRF
devices. Moreover, barium can also be imaged in vivo utiliz-
ing recently introduced spectral KES method [20, 37, 38].
These methodologies promise an exciting fleet of diagnostic
and analytic techniques for measuring the efficacy of new
pharmaceutical compounds for the treatment of musculo-
skeletal diseases.
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