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Abstract

Progressive bone mineral loss and increasing bone fragility are hallmarks of osteoporosis. A
combination of minerals isolated from the red marine algae, Lithothamnion sp. was examined for
ability to inhibit bone mineral loss in female mice maintained on either a standard rodent chow
(control) diet or a high-fat western diet (HFWD) for 5-, 12- and 18-months. At each time-point,
femora were subjected to u-CT analysis and biomechanical testing. A subset of caudal vertebrae
was also analyzed. Following this, individual elements were assessed in bones. Serum levels of the
5b isoform of tartrate-resistant acid phosphatase (TRAP) and procollagen type | propeptide
(P1NP) were also measured. Trabecular bone loss occurred in both diets (evident as early as 5-
months). Cortical bone increased through month-5 and then declined. Cortical bone loss was
primarily in mice on the HFWD. Inclusion of the minerals in the diet reduced bone mineral loss in
both diets and improved bone strength. Bone mineral density (BMD) was also enhanced by these
minerals. Of several cationic minerals known to be important to bone health, only strontium was
significantly increased in bone tissue from animals fed the mineral diets, but the increase was
large (5-10 fold). Serum levels of TRAP were consistently higher in mice receiving the minerals
but levels of PLNP were not. These data suggest that trace minerals derived from marine red algae
may be used to prevent progressive bone mineral loss in conjunction with calcium. Mineral
supplementation could find use as part of an osteoporosis - prevention strategy.
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INTRODUCTION

Osteoporosis is a condition characterized by low bone mass, low bone mineral content, and
micro-architectural deterioration leading to enhanced bone fragility and consequent increase
risk of bone fracture [1]. Although in the Caucasian population, men account for up to 30%
of the osteoporatic hip fractures [2], osteoporosis is widely regarded as a condition primarily
affecting post-menopausal women [2,3]. Genetic factors underlie susceptibility, but
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environmental variables (including diet) [4] also suggested to play a role. In particular, the
“typical” Western-style diet, with its high content of saturated fat and sugar and low levels
of calcium and vitamin D, is thought to be a contributor to bone fragility in susceptible
individuals. This is well-established based on epidemiological and interventional studies in
humans [5,6]. In addition, studies in experimental animals have directly demonstrated the
deleterious effects of the Western-style diet on bone structure/function [7,8] and age-related
effects on the skeleton [9].

Since bone consists of a mineralized connective tissue, an adequate supply of inorganic
minerals in the diet is critical throughout life. Calcium is the major cationic mineral
incorporated into bone and a deficiency of calcium in the diet contributes to poor bone
health [10-12]. In addition to calcium, other cationic minerals including boron, copper, iron,
magnesium, manganese, potassium, selenium, silicon, strontium and zinc have all been
suggested as being important for the formation and maintenance of strong, healthy bones
[13-17]. How these various trace elements support bone formation and maintenance is not
fully understood. Incorporation into the mineralized bone is, no doubt, important. In
addition, however, certain trace elements regulate osteoblast and osteoclast metabolism [17—
20] and are critical to the formation of the organic bone matrix as well as to its
mineralization. While an adequate supply of the essential trace elements throughout life is
important to formation and maintenance of healthy bones, whether or not dietary
supplementation with individual trace elements or with groups of trace elements can be an
effective strategy for improving bone formation and preventing bone mineral loss with age
remains to be seen. To date, supplementation studies with only a relatively few trace
elements have been conducted, and the results, while suggestive, are inconclusive [13-15].

Based on this, we hypothesized that including a wide variety of trace minerals along with
calcium in the diet throughout life would help to prevent bone loss that commonly occurs
with age. To test this hypothesis, we utilized a mineral preparation derived from the red
marine algae, Lithothamnion sp. Previous studies have shown that this mineral preparation
reduced colon polyp formation in mice [21,22], and also inhibited liver tumor formation [23]
when included in the diet over the lifespan of the animals. As an unanticipated finding in the
pilot study [24], our data suggested that mineral supplementation might also preserve bone
structure, at least in female mice. However, in the pilot study, only a small number of
animals were included, only a single time-point (15 months) was examined and only effects
on long bones were assessed. In our pilot study, mineral supplementation was only included
in a high-fat diet that is mineral-deficient and known to promote bone loss and bone fragility
(6,7). Here, we have utilized the same mineral preparation to directly assess effects on bone
structure and function in cohorts of female C57/BL6 mice at three different time-points (5,
12 and 18 months) in their lifespan. In this mouse strain, which is prone to early bone loss
[9], mineral supplementation significantly increased bone mineralization at the early time-
point (5-months) and preserved bone structure throughout life. Most importantly, beneficial
effects were seen in animals maintained for the entire study on a rodent chow designed for
optimal health as well as in mice fed the high-fat diet.

MATERIALS AND METHODS

Minerals

The minerals used in this study were obtained from the skeletal remains of Lithothamnion
sp., the red marine algae [21,22] and consists entirely of the inorganic minerals (Marigot
Ltd, Cork, IE). The product (GRAS 000028) contains approximately 12% calcium and 1%
magnesium, but also has detectable levels of 72 other trace minerals. The mineral diets in
this study made use of a single batch of the mineral product to avoid batch-to-batch
variation.

Biol Trace Elem Res. Author manuscript; available in PMC 2014 December 01.
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A standard rodent chow (AIN76A - Control) and a variant of AIN76A, - i.e., the high-fat
Western diet (HFWD) — were used in this study. The HFWD was prepared according to the
formulation of Newmark et al [25] and is designed to mimic food consumption patterns of
individuals in Western society [26]. Both diets were used as is, or supplemented with
Lithothamnion sp. - derived minerals. The minerals were incorporated into the diet fed to the
mice. The final concentrations of calcium in control and HFWD diets were 1.34 mg/kcal and
0.08 mg/kcal, respectively. With mineral supplementation, the control and HFWD diets
contained 3.24 mg/kcal and 1.64 mg/kcal of calcium respectively. The slight increase in
calcium in the supplemented-HFWD as compared to the unsupplemented control diet
reflects the fact that mice consume food based on kcal. The diets are designed, therefore, to
provide a comparable level of consumed calcium in these two groups. Diets were provided
ad libitum. Diets were formulated and provided by Research Diets Incorporated (New
Brunswick, NJ). The complete composition of each diet as fed is presented in Supplement
Table 1. It should be noted that the control diet is formulated to contain a number of cationic
minerals in addition to calcium that are known to be beneficial. All of these are included in
the HFWD, as well. Supplement Table 2 provides comparative levels of important minerals
in the four diets and shows the changes due to diet supplementation with the minerals.

Mice and experimental groups

A total of 140 female C57BL/6 mice (Charles River, Portage, MI) were put in four groups
and started on either the control diet or the HFWD, both with and without the minerals
beginning at 3-weeks of age. Diets were started at this age in order to observe early growth-
related effects of the minerals on bone structure/function and subsequent effects on bone
mineral content over the entire 18-month period of study. Separate cohorts of mice were
euthanized after 5, 12 or 18 months on their respective diet. For the 5 and 12 month periods,
there were 10 female mice per diet group. For the 18 month period, there were 15 mice in
each group. In addition to these cohorts of mice, 5 female mice were euthanized at the start
of the study for baseline values. All of the procedures were reviewed and approved by the
University Committee on Use and Care of Animals (UCUCA) at the University of
Michigan.

Preparation of skeletal tissue and micro-computed tomography (4-CT)

The right femora were carefully dissected free of associated connective tissue, immediately
placed in sealed containers with lactated Ringer’s solution, and frozen at —20°C until use.
Three-dimensional images of the femora in Ringer’s solution were obtained using a p-CT
system (eXplore Locus SP, GE Healthcare Pre-Clinical Imaging, London, Ontario, Canada)
as previously described and validated [24,27]. Whole bone was scanned and both trabecular
and cortical regions of interest (ROI) were reconstructed from the scans as described
previously [28]. A more complete description of the u-CT procedure can be found in the
Supplement under Methodology.

A subset of caudal vertebrae (C8) were identified and carefully dissected. Upon dissection,
the vertebrae were immediately placed in lactated Ringer’s solution and frozen at —20°C
until use. Whole vertebrae were scanned and ROIs through the cranial and middle isolateral
surfaces were selected for analysis. p-CT analysis was done exactly as with long bones.

Biomechanical testing

Long-bone mechanical properties were determined by loading the right femora to failure in
4-point bending, using a customized testing fixture attached to a servohydraulic materials
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testing machine (858 Mini Bionix Il; MTS Systems, Eden Prairie, MN) [24,29]. Complete
description of biomechanical testing is included in the Supplement under Methodology.

Whole-bone mechanical properties of intact caudal vertebrae were also measured by
compressing the vertebral body with a 3 mm diameter platen attached to a servohydraulic
materials testing machine (858 Mini Bionix IlI; MTS Systems, Eden Prairie, MN), as
described previously [30].

Histological evaluation

The left femora were dissected, cleaned and fixed in 10% neutral buffered formalin for 24—
48 hours and then demineralized in a formic acid based decalcifier (Immunocal; Decal,
Tallman, NY) for 48 hours. Tissues were processed for histology, embedded in paraffin,
sectioned at 5 pm thickness, and stained with hematoxylin and eosin. Histological
parameters were evaluated by a board-certified veterinary pathologist blinded to the
experimental groups. Evaluation was performed using an Olympus BX45 light microscope
at total magnifications ranging from x40 to x600.

Tartrate-resistant acid phosphatase (TRAP) and N-terminal peptide of type | procollagen

(PINP)

Blood was obtained at the time of necropsy from each animal. TRAP and PINP were
assessed in serum samples using commercially-available enzyme-linked immunosorbant
assays (ELISAS) (Immunodiagnostic Systems, Inc.; Fountain Hills, AZ). TRAP is produced
by osteoclasts and macrophages and can be detected in serum. The ELISA used here
measures TRAP 5b, the form specific to osteoclasts [31]. TRAP 5b is thought to be a
measure of osteoclast number rather than activity [32]. PLNP is a measure of osteoblast
function. Type | collagen is the major collagenous protein in bone [33].

Levels of individual trace elements in long bones

Following 1-CT and biomechanical testing, the long bones (one femur and tibia from all
animals in each group) were “pooled” by group and time point, and analyzed for levels of
trace metals. Bones were “pooled” in order to have a sufficient amount of material to obtain
a detectable signal. Bones were digested in a concentrated nitric acid solution (10 ml) for
approximately 30 minutes, after which they were cooled to room temperature. Concentrated
hydrochloric acid (10 ml) was added and the sample was digested for an additional 15
minutes. After cooling and dilution with distilled water, levels of individual trace elements
were determined by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES)
except Fluoride which was determined by Association of Analytical Communities (AOAC)
984.37 assay. Bone preparation and assays were done on a fee-for-service by Advanced
Laboratories, Inc., (Salt lake City, UT).

Statistical evaluation

Data from p-CT analysis, biomechanical testing and biochemical evaluations were obtained
for individual mice. The data were presented as group averages and standard deviations at
each time-point. Differences among groups were compared for statistical significance using
ANOVA followed by paired group comparisons (two-tailed). Differences were considered
significant at the p<0.05 value. While assessing the trace elements, individual “pooled”
samples could not be analyzed statistically, the data (strontium only) were subjected to two-
way factorial ANOVA to determine if the effect of diet or time was significant. Data from
the three time-points were then grouped together and analyzed. Differences were considered
significant at the p<0.05 value.
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RESULTS

Animal weight and survival data

Animals were regularly monitored and weighed biweekly throughout the study period. At
the initiation of the study, 3 weeks old animals had an average weight of 14.5+1 gram. Over
the 18-month period of dietary intervention, animals gradually gained weight on both diets.
Animals on the HFWD gained more weight than animals on the control diets, but the
mineral supplement had no effect on weight gain in either diet. The progression in weights is
provided in Supplement Table 3 at all time-points (5, 12 and 18 months).

Over the course of the 18-month maintenance period, there were 14 premature deaths. This
included two animals between 6-12 months and 12 mice between months 13 and 18. The
majority of the latter deaths occurred in months 15 to 17. Necropsies were done on all the
animals that died prematurely and bones from these mice were included in their
corresponding diet/time groups. Of these animals, 2 were on the control diet, 2 were on the
mineral-supplemented control diet, 6 were on the HFWD and 4 were on the mineral-
supplemented HFWD.

Bone Mineral Density (BMD)

Initially, we assessed BMD by ;i-CT in trabecular and cortical ROIs of the femora. Femoral
results are shown in Table 1, where it can be seen that in both the control diet and the
HFWD, trabecular BMD fell significantly from baseline level. The drop could be seen as
early as the 5-month time-point and continued throughout the study. By the 18-month time-
point, trabecular BMD in mice on the control diet was 69% of the baseline value and in the
HFWD was only 45% of the baseline level. In mice that received the minerals in either diet,
BMD values at the 5-month time-point were substantially increased as compared to baseline
level (35% and 16% increase). From thereon, BMD values fell. However, at both the 12-
month and 18-month time-points, trabecular BMD values were higher in mice with the
minerals than in those without (trabecular BMD was enhanced by minerals up to 82% at 18
months in HFWD). This was observed in both diets. Thus, the decrease in trabecular BMD
that occurred over time was clearly mitigated in both diets by supplementation with the
Lithothamnion sp. — derived minerals (Table 1).

In contrast to trabecular findings, cortical BMD increased significantly in both diets between
baseline and 5-months of age (Table 1). Between the 5- and 18-month time-points, BMD
values declined slightly. Similar trends were observed in both diets but the decline with time
was more severe in the HFWD. Mineral-supplementation had little effect on BMD values in
control diet mice, but preserved BMD in the HFWD (up to 24% increase at 18 months).

Although the primary focus of the study was on long bones, effects of mineral
supplementation on vertebrae were also assessed. For this, a subset of caudal vertebrae from
mice on both the HFWD and the control diet was analyzed at the 12-month time-point. An
additional subset of caudal vertebrae from mice on the HFWD was also analyzed at the 18-
month time-point. It can be seen from Table 1 that (similar to what was observed in long
bones), mineral supplementation dramatically increased trabecular bone BMD in both diets.
Increases ranged from 19% at 12-months in the control diet to 43% and 46% increases at 12-
months and 18-months in the HFWD. Also similar to what was seen in long bones, there
was little improvement in cortical bone BMD in the control diet but increases of 29% and
22% were seen in the HFWD at the 12-month and 18-month time-points, respectively with
minerals inclusion in the diet as compared to the HFWD alone.
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Femoral bone structure

Given the significant effect of mineral supplementation on femoral BMD, a wide range of ji-
CT parameters were assessed. Trabecular bone volume, number and thickness are shown for
each of the three time-points in Figure 1A. To summarize, a rapid loss of trabecular bone
was observed such that a decline from the beginning of the study (3-weeks of age) was
apparent in these animals as early as the 5-month time-point. At the 5-month, trabecular
number was reduced by 67% and 64% in the control and HFWD groups relative to what was
seen at the initiation of the study. Trabecular bone loss was reduced in the presence of the
minerals. With the addition of minerals, corresponding declines were only 17% and 34%.
Trabecular bone loss continued over the 18-month observation period, but at all time-points,
there was less bone loss in the mice receiving the minerals than in mice receiving
unsupplemented diets (Figure 1A). The results were similar in both diets. While the largest
changes were in trabecular number as opposed to thickness, the minerals beneficially
influenced trabecular thickness as well. A loss of trabecular number concomitant with
reduced trabecular thickness was associated, as expected, with an increase in trabecular
space (Supplement Tables 4-6) and decreased BV/TV (Figure 1A). For example, bone
volume was reduced to 85% in the HFWD group at 18 months from baseline but the
mineral-containing HFWD enhanced bone volume up to 50% at 18 months. A representative
3D p-CT image of the trabecular region (distal metaphysis) from the femur of a female
mouse in each diet group is shown (Figure 1C). Histological images from distal femoral
condyles from mice on the HFWD with or without the minerals (hematoxylin and eosin-
stained sections of decalcified bone) at the 18 months-time point are shown (Figure 1D).
The histological images are consistent with what was observed by ;1-CT, i.e., increased bone
preservation within the trabecular region in the presence of the minerals. We did not attempt
to quantify trabecular bone by morphometry because of limitations inherent in 2—
dimensional representation of trabeculae in a histological section. Additional histological
findings included increased adipose tissue and decreased hematopoietic tissue in some
sections of mice fed a HFWD in comparison to mice on the supplemented HFWD.

Cortical bone properties, including marrow area and cortical area are shown in Figure 1B.
Although the changes in cortical bone properties were not as dramatic as those observed in
trabecular bone, mice on the HFWD had a larger marrow area value and smaller cortical
area value than did mice on the control diet. The deleterious consequences of the HFWD
were prevented by the minerals (Figure 1B). A representative p-CT image of the cortical
region (mid-diaphysis) from the femur of a female mouse in each diet group is shown
(Supplement Figure 1). Tables 4-6 in the supplementary material present all of the femoral
n-CT parameters assessed at the three time-points for both trabecular and cortical ROls.

Vertebral bone structure

Figure 2 demonstrates effects of Lithothamnion sp. — derived minerals on vertebral bone
structure (from a subset of vertebrae). Similarly as seen in femoral bone, where the major
effect of the minerals was on the both trabecular region and the cortical region, in the
vertebral bone, both trabecular and cortical properties were improved in the mineral-treated
mice. In contrast to femoral bone, where the improvement in trabecular structure was a
reflection of changes in both number and thickness, in the vertebral bone, the minerals’
effect was primarily on trabecular thickness and volume. Consistent with data from long
bones, however, was the fact that improvement with minerals occurred in mice on either
diet. Also consistent, results were more impressive in mice on the HFWD than in mice on
the control diet. Representative pu-CT images of vertebrae from both the control and HFWD
groups at the 12 month-time-point are shown in Figure 2C. All of the vertebral p-CT
parameters assessed at the two time-points are presented in Supplemental Tables 7 and 8.
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Biomechanical properties of femora and vertebrae

Biomechanical properties of long-bones were determined by testing femora to failure in 4-
point bending. These measurements, which primarily reflect cortical bone mechanical
properties [34], are presented in Figure 3A. Mice on the HFWD demonstrated an increase in
ductility compared to mice on the control diet which can be seen by the decrease in stiffness
and the increase in displacement ratio. The displacement ratio was especially sensitive to
diet. Consistent with the decrease in bone stiffness, mice on the HFWD demonstrated an
increase in maximum load value as compared to mice on the control diet [8]. In mice treated
with the minerals, biomechanical properties were improved. Specifically, bone stiffness was
enhanced (36 % at 5 months, 3% at 12 months and 32% at 18 months) in mice on the
HFWD with minerals as compared to the HFWD alone mice.

Biomechanical properties were also assessed in a subset of vertebrae. Vertebrae were tested
for resistance to compression loads. Results in the compression-damage assay are a
reflection of both stiffness and bone strength, and depend on both trabecular and cortical
properties [30]. As seen in Figure 3B, both stiffness and strength were substantially
improved in mice receiving Lithothamnion sp. — derived minerals. Improvement was
observed in both diets. Stiffness was increased by 48% and 49% at 12-months in the two
supplemented diets as compared to the respective unsupplemented diet groups, and by 30%
at 18-months in the mineral supplemented HFWD as compared to HFWD alone. Similarly,
maximal load was increased by 12% and 32% at the 12-month time point in mineral-
supplemented diets as compared to unsupplemeted diet groups, and by 51% at the 18-month
time point in the supplemented HFWD compared to the HFWD alone.

Levels of individual trace elements in bone

Following pu-CT analysis and biomechanical testing, bones were assessed for levels of 41
individual elements. To summarize, 28 of the 41 different trace elements assessed (including
three that are known to be important for bone — i.e., boron, copper and selenium) were
below detectable limits (0.5 ug/g) (Supplement Table 9). Among other minerals that play a
role in bone health (including calcium, magnesium, potassium, iron, zinc, manganese and
silicon), bone levels of each were largely unaffected by diet or (in the case of iron and
manganese) actually higher in bones of mice on the high-fat diet (Supplement Table 9). In
contrast, and perhaps most interesting, strontium levels were dramatically increased - up to
10-fold - in bones of mice on the mineral-supplemented diets relative to mice on the
respective, unsupplemented diets. This was seen on both diets at all three time-points
(Figure 4). Interestingly, bone calcium levels in mice on the control diet and HFWD with or
without the minerals were similar at all the time points (Figure 4) and calcium was present
as the major mineral in the bone. For example, there was a difference in the level of calcium
of 12% at 5 months, 7% at 12 months and 9% at 18 months in bones of mice on the HFWD
as compared to the HFWD with minerals, although there was 95 % less calcium in the
unsupplemented high-fat diet, itself. In mice on the control diet with minerals (where the
dietary calcium level was twice that of control), bone calcium levels were 4% higher at 5
months, 3% at 12 months and 4% at 18 months than in bones of mice on the control diet
without supplementation. As shown in Figure 4, minimal differences in magnesium and
potassium were also observed between mice with or without the minerals.

Serum TRAP and P1INP

TRAP and P1NP levels were assessed as measures of bone turnover and bone formation,
respectively. TRAP levels were consistently higher in mice on either diet with the minerals
than in mice from groups without the minerals (Table 2). This was not seen with PINP. In
fact, levels of PANP were slightly lower in mice from supplemented groups than in mice
from the respective unsupplemented diet group (Table 2).
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DISCUSSION

This study demonstrates that bone structure and function in female mice are preserved by
minerals obtained from marine red algae (Lithothamnion sp.) in a long-term dietary
intervention study. The findings may be particularly significant since bone mineral loss was
prevented in mice maintained on a rodent chow (control) as well as on a HFWD. Previous
studies have demonstrated that the Western-style diet contributes to bone loss in people
[4,5], and other studies have shown that a high fat diet leads to bone mineral loss in rodents
and other experimental animals [7,8]. The control diet is routinely used for optimal health
maintenance in mouse care. The current study confirmed more rapid and, ultimately, greater
bone deterioration in mice on the HFWD, but, consistent with a previous study [9],
demonstrated that significant bone mineral loss also occurred in mice on the rodent chow.
Of interest, while both trabecular and cortical bone loss occurred in the HFWD, it was
primarily trabecular bone that was lost in control diet mice. The minerals induced early bone
built up (i.e., between 3 weeks of age and 5 months) and retarded subsequent bone mineral
loss over an 18 month period. Bone mineral preservation was observed in both cortical and
trabecular regions. However, the effects of the minerals were much greater in the trabecular
bone. Thus, mineral addition had its greatest effect where bone loss was most rapid and
severe.

While the consequences of bone mineral loss - increased susceptibility to fracture
(especially in the head of the femur and the vertebral discs) are usually seen in later life,
bone mineral loss typically begins during young adulthood and progresses over time [35].
Our findings suggest that inclusion of a minerals combination such as the one used here may
provide a strategy for retarding progressive bone mineral loss. To the extent that BMD is a
measure of resistance to fracture [36], reduced susceptibility to fracture could be expected.
One might assume that effectiveness would be seen even with individuals who are
consuming a “healthy” diet.

At this point, we do not know which minerals present in the mineral combination contribute
to its beneficial effects. Calcium is, undoubtedly, important, but it should be noted that while
mice on the mineral-supplemented control diet received a calcium dose equivalent to twice
the level of control animals, and mice on the mineral-supplemented HFWD received an
amount of calcium comparable to that received by control diet mice. In spite of this, mice on
either diet with the minerals demonstrated several features that distinguished them from
control mice. At the same time, bone calcium levels varied by only a few percent among the
different groups. Although, while even the small differences in bone calcium level could be
crucial to bone loss in high-fat diet mice, the implication is that while calcium is, a critical
component of the mineral preparation, other trace elements in it also appear to play
important role in maintaining bone structure and function, in conjunction with calcium.

Among the cationic minerals that have been suggested previously as important to bone
health are boron, copper, iron, magnesium, manganese, selenium, silicon, strontium and zinc
[13-17]. How the different minerals contribute to bone strength is not known and it is,
perhaps, best to not speculate beyond noting that small amounts of these trace minerals are
incorporated into the bone matrix along with calcium [37,38]. Strontium may be particularly
important to the overall beneficial activity of the mineral combination. With each of the
other minerals present in the mineral preparation, bone levels were either below detectable
limits, comparable in all groups or actually lower in the presence of the HFWD. In contrast,
the bone level of strontium was significantly increased (up to 10-fold) in mice receiving the
minerals derived from marine red algae in either diet relative to the unsupplemented groups.
Increased strontium was seen at 5-months in mice on either supplemented diet and persisted
over the 18-month period of the study. Previous studies have convincingly demonstrated the
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beneficial effects of strontium on bone structure [17,39]. In Europe, a strontium-containing
pharmaceutical (strontium ranelate) is an approved therapeutic for prevention of bone
mineral loss and bone fragility [40]. A study in rats has suggested that long-term treatment
with strontium ranelate increases bone mass, architecture and fracture-resistance [41]. The
exact mechanism of action is still not fully understood. Strontium salts are more acid-
insoluble than comparable calcium salts [42], and slower de-mineralization of strontium
salts as compared to calcium salts may be part of the effect. This may be especially
important for individuals consuming a typical western diet as this diet is known to produce
an acidic environment [43].

Incorporation of trace elements such as strontium into the bone matrix may not be the entire
explanation. In vitro studies have shown that strontium and several other trace elements
influence the function of both osteoclasts and osteoblasts [17-20], leading to increased bone
matrix synthesis and turn over. In this regard, however, it should be noted that we
consistently saw increased TRAP activity but no increase in PINP in the serum of mice on
the mineral-supplemented diets relative to control mice. Without seeing increases in both
PANP and TRAP, it is difficult to postulate increased bone cell metabolism and increased
bone turnover as the major mechanism. Additional experiments will be required to address
this issue.

Finally, it should also be considered that the beneficial effects on bone may be secondary to
other, more global actions of the minerals. An attractive (alternative) hypothesis is that the
combination of minerals functions to help control systemic inflammation, a known risk
factor for bone mineral loss [44]. In support of this, we observed in the same animal model
that mice on the mineral-supplemented diets had fewer colonic polyps than control mice
[21,22], and that liver tumor formation was almost completely absent in these animals [23].
Associated with both findings were reduced inflammatory lesions throughout the intestinal
tract. Confounding the issue, however, is that inflammatory changes in the gastrointestinal
tract did not appear until late - 12 months and beyond. In contrast, diet-induced changes in
bone structure/function were seen within 5 month of starting the diet. The relative
contribution of systemic changes versus bone-specific effects will require further study.

Ultimately, whether mineral supplementation will have a similar effect in humans as shown
here with rodents is not known and controlled clinical studies will be necessary to address
this question. Although the focus of this study was on the role of trace minerals in
preservation of bone structure/function rather than on the source of minerals, per se, the
natural product used here has already been examined in a previous small-scale clinical study
related to osteoarthritis pain [45]. There is no reason why a study designed to assess
biomarkers of bone health could not be undertaken with this natural product or with the
minerals as present in it. Furthermore, while our data suggest an important role for strontium
(among the trace elements and in the presence of calcium) in the beneficial activity of the
natural product, the reality is that marine algae accumulate many different minerals from
seawater. There are, undoubtedly, multiple trace elements present in the mineral product at
amounts below detectable level. Any and all of these might be contributing to the beneficial
activity of the natural product. Until the mechanisms of action of the mineral product are
clearly defined, it will be difficult to elucidate which minerals are most important, singly or
in combination.

In conclusion, this study shows that minerals obtained from marine red algae promote early
(3-weeks to 5-months) bone mineral build-up and preserve bone mineralization over an 18-
month period in female C57BL/6 mice. This occurs in mice on either a high-fat diet or a
standard rodent chow. These findings support further effort to determine if mineral
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supplementation might provide an approach for maintenance of bone structure/function in
the face of age and high-fat diet-related events that tend to reduce bone mineral content.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structural features of femoral bone

A: Trabecular/B: Cortical u-CT parameters. Data are based on 5 mice at baseline (3
weeks of age), 10 mice at 5 and 12 months and 15 mice at 18 months in each diet group.
Values are means and standard deviations. Statistical significance of each parameter was
assessed by ANOVA followed by paired group comparisons. Statistical significance at the
p<0.05 level is indicated by asterisks. * by the HFWD + minerals indicates statistically
significant improvement relative to HFWD alone; ** by the HFWD + minerals indicates
statistically significant improvement relative to control; *** by the control + minerals
indicates statistically significant improvement relative to control. C: u-CT images: A
representative 3D p-CT image of the trabecular region from the femur of a female mouse in
each diet group is shown. D: Histological images: Hematoxylin and eosin-stained sections
of decalcified bone (distal femoral condyles) from a mouse (at 18 months) in two high-fat
diet groups are shown (Bars=200 pum).
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Figure 2. Structural features of vertebral bone
A: Trabecular/B: Cortical u-CT parameters. Data are based on 6 mice at 12 months in
each diet group and 6 mice in each of the two high-fat diets at 18 months. Values are means
and standard deviations. Statistical significance of each parameter was assessed by ANOVA
followed by paired group comparisons. Statistical significance at the p<0.05 level is
indicated by asterisks. * by the HFWD + minerals indicates statistically significant
improvement relative to HFWD alone; ** by the HFWD + minerals indicates statistically
significant improvement relative to control; *** by the control + minerals indicates
statistically significant improvement relative to control. C: p-CT images: Representative 3D
n-CT images of the cranial and middle region from a C8 vertebra of a mouse in each diet
group at 12 month-time-point.
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Figure 3. Biomechanical properties
A: Femora: Data are based on 5 mice at baseline (3 weeks of age), 10 mice at 5 and 12
months and 15 mice at 18 months in each diet group. B: Vertebrae: Data are based on 6
mice at 12 months in each diet group and 6 mice in each of the two high-fat diets at 18
months. Values are means and standard deviations. Statistical significance of each parameter
was assessed by ANOVA followed by paired group comparisons. Statistical significance at
the p<0.05 level is indicated by asterisks. * by the HFWD + minerals indicates statistically
significant improvement relative to HFWD alone; ** by the HFWD + minerals indicates
statistically significant improvement relative to control; *** by the control + minerals

indicates statistically significant improvement relative to control.
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Figure 4. Strontium levelsin bone; Comparison with calcium, magnesium and potassium
Long bones from all mice in a group were pooled together, digested and analyzed by
Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) as one sample per
diet group (10 mice per group at 5- and 12-months and 15 mice at 18-months). * is placed
on diet groups with minerals and indicates statistically significant increase in the strontium
level (using two-way factorial ANOVA) than the diet groups without minerals. (p<0.05)
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Bone Mineral Density in femora and vertebrae.

Femoral BM D (mg/cc)

Diet group 5-months 12-months 18 months
Trabecular

Baseline 174+ 18

Control 156 + 12* 131 + 21* 120 + 38*

Control + minerals 234 + 15¢ 158 £35 142 £ 40

HFWD 164 + 54 146 + 11* 79 £ 29*

HFWD + minerals 201 +112° 171+18%° 143 +302

Cortical

Baseline 151+6

Control 347 £ 16 309 + 36 303 £ 27

Control + minerals 378 + 25¢ 302 +£31 299 +28

HFWD 314 £+ 36 287 +30 260 + 34

HFWD + minerals 339 + 16 322+21 322 + 472

Vertebral BMD (mg/cc)

12-months 18 months

Control
Control + minerals
HFWD
HFWD + minerals

Control
Control + minerals
HFWD
HFWD + minerals

Trabecular
619 + 63 Not done
737 £83¢ Not done
482 + 34 452 + 46
687 + 1072 659 + 1082
Cortical

961 + 30 Not done
942 £ 14 Not done
731+ 25 763 + 146
941 + 332 928 + 43

Table 1

Page 17

Femoral data are based on 5 mice at baseline (3 weeks of age), 10 mice at 5 and 12 months and 15 mice at 18 months in each diet group. Vertebral
data are based on 6 mice at 12 months in each diet group and 6 mice in each of the two high-fat diets at 18 months. Values are means and standard
deviations. Statistical significance was determined by ANOVA followed by paired group comparisons. “*” are placed to show the statistically
significant drop in the BMD relative to baseline. “a” and “b” are placed on the HFWD-+minerals group: “a” shows statistically significant increase
relative to the HFWD group, “b” shows statistically significant increase relative to control; “c” is placed on the control+minerals group, and shows
significant increase relative to the control (p <0.05). Data from baseline and 5 monthsin all groups and in control diets at 18 months for the
vertebrae are not available.
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Table 2

Serum TRAP and P1NP levels.

TRAP (U/ml)
Diet group 5-months  12-months 18 months
Control 11+0.1 17526 10.3+£0.7

Control + minerals 1.4+0.2
HFWD 15+0.2
HFWD + minerals 1.5+0.2

18.0+2.0 19.6 +2.3¢
16421 151%15
263+38  244+213b

PINP (ng/ml)
12-months 18 months
Control 245+09 213+18
Control + minerals 22.2+26  21.4+20
HFWD 264+23 32759
HFWD + minerals 19.6+15 19.0+2.6

Page 18

Baseline TRAP = 1.2 + 0.5 U/ml. Values are means and standard deviations. Statistical significance was determined by ANOVA followed by
paired group comparisons. “a” and “b” are placed on the HFWD + minerals group: “a” shows statistically significant increase relative to the
HFWD group, “b” shows statistically significant increase relative to control; “c” is placed on the control + minerals group, and shows significant

increase relative to the control (p <0.05). PINP data at baseline and at 5 month are not available.
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