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Abstract The purpose of this study was to determine

whether a mineral-rich extract derived from the red marine

algae Lithothamnion calcareum could be used as a dietary

supplement for prevention of bone mineral loss. Sixty

C57BL/6 mice were divided into three groups based on

diet: the first group received a high-fat Western-style diet

(HFWD), the second group was fed the same HFWD along

with the mineral-rich extract included as a dietary sup-

plement, and the third group was used as a control and was

fed a low-fat rodent chow diet (AIN76A). Mice were

maintained on the respective diets for 15 months. Then,

long bones (femora and tibiae) from both males and

females were analyzed by three-dimensional micro-com-

puted tomography (micro-CT) and (bones from female

mice) concomitantly assessed in bone strength studies.

Tartrate-resistant acid phosphatase (TRAP), osteocalcin,

and N-terminal peptide of type I procollagen (PINP) were

assessed in plasma samples obtained from female mice at

the time of sacrifice. To summarize, female mice on the

HFWD had reduced bone mineralization and reduced bone

strength relative to female mice on the low-fat chow diet.

The bone defects in female mice on the HFWD were

overcome in the presence of the mineral-rich supplement.

In fact, female mice receiving the mineral-rich supplement

in the HFWD had better bone structure/function than did

female mice on the low-fat chow diet. Female mice on the

mineral-supplemented HFWD had higher plasma levels of

TRAP than mice of the other groups. There were no dif-

ferences in the other two markers. Male mice showed little

diet-specific differences by micro-CT.
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Osteoporosis is a condition characterized by low bone

mass, low bone mineral content, and microarchitectural

deterioration, leading to enhanced bone fragility and con-

sequent increase in risk of bone fracture [1]. Although in

the Caucasian population of Western Europe and North

America, men account for up to 30% of the osteoporotic

hip fractures, osteoporosis is widely regarded as a condi-

tion primarily affecting postmenopausal women [2, 3].

Genetic factors underlie susceptibility, but environmental

variables (e.g., tobacco use, excess alcohol and caffeine

consumption, lack of physical activity, etc.) [4] have also

been identified as having an impact.

Dietary factors are also important. In particular, diets

that contain a large amount of fat, especially saturated fat

[5–9], have been identified as risk factors for osteoporosis.

Likewise, diets lacking an adequate supply of essential

inorganic minerals, especially calcium (Ca2?), promote

osteoporosis [10–12]. While Ca2? is the most important

cationic mineral in the bone, other cationic minerals that

play roles in bone health include magnesium (Mg2?) [13–

15] as well as manganese, copper, zinc, and selenium [16–

23]. The diet consumed by many individuals in Europe and
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North America is high in saturated fat [24, 25]. The

Western diet that is high in saturated fat also tends to be

low in essential minerals [24, 25]. Many potentially

important minerals are low in foods that are high in satu-

rated fat [26]. In addition, a high content of saturated fat in

the diet can interfere with mineral bioavailability through

multiple mechanisms [27].

While the prevalence of osteoporosis in Western society

is thought to reflect, at least in part, dietary influences, the

exact mechanisms through which diet influences bone

health are not fully understood. Furthermore, while an

adequate supply of inorganic minerals is necessary for

bone health, whether or not mineral supplementation of the

diet can mitigate the consequences of other unhealthy

nutritional or environmental factors is not known. With this

in mind, we maintained a group of mice (females and

males) on a chow formulation designed to mimic the typ-

ical high-fat Western-style diet (HFWD) [28–30] and

concomitantly supplemented the diet of some of the ani-

mals with a multi-mineral-rich natural product. The HFWD

was originally designed for use in colon polyp studies [28–

30] but was subsequently shown to promote bone mineral

loss and to reduce bone strength in mice [31, 32]. The

mineral supplement used here was obtained from the red

marine algae Lithothamniom calcareum [33]. Red marine

algae, especially those of the coralline family, extract

minerals from salt water and concentrate the minerals as

carbonate salts in their fronds. The fronds of the red algae

become so highly mineralized that they are essentially

devoid of substances (phytols, agar, alginate, carageenan,

etc.) common to many algae. The mineral-rich fronds have

been utilized as a source of multiple trace elements in

agriculture for years [34, 35]. The mineral-rich supplement

employed in the present study is currently included in

several products designed for human consumption (Mari-

got, Cork, Ireland). Recently, the same mineral-rich sup-

plement was shown in a short-term clinical study to reduce

pain during exercise (walking) in patients with osteoar-

thritis [36, 37]. Based on the known requirements for an

adequate supply of minerals for bone health and on these

recent studies, we hypothesized that the multi-mineral-rich

supplement from the red marine algae would, in fact,

mitigate the deleterious effects on bone structure and

function resulting from consumption of a HFWD. The

present report describes our effort to test this hypothesis.

Materials and Methods

Mineral-Rich Extract

The mineral-rich extract used in this study is a natural

product obtained from the skeletal remains of the red marine

algae L. calcareum (Pallas), also known as Phymatolithon

calcareum (Pallas) [33]. The algae thrive in the cold Atlantic

waters off the southwest coast of Ireland and the northwest

coast of Iceland. Minerals from seawater are accumulated in

the algae fronds over the life span of the organism. Even-

tually, the mineral-rich fronds break off of the living

organism and fall to the ocean floor, from where they are

harvested. The mineralized fronds are separated from

extraneous materials, sterilized, dried, and milled under ISO

and HACCP certification. The mineral extract contains 12%

calcium, 1% magnesium, and measurable levels of 72 other

trace minerals. The extract is sold as a food supplement

under the name Aquamin� (GRAS 000028) and is used in

various products for human consumption in Europe, Asia,

Australia, and North America (Marigot). The mineral com-

position of the marine algae supplement is shown in Table 1.

Diets

Three diets were used in this study: (1) the AIN76A rodent

chow diet, (2) the HFWD, and (3) the same HFWD sup-

plemented with the mineral-rich algae extract. AIN76A is a

routinely used, low-fat rodent chow. It contains 5% fat

from corn oil. The HFWD, which is derived from AIN76A,

was specially prepared according to the formulation of

Newmark et al. [28] and designed to mimic the diet con-

sumed by many individuals in Western society. It contains

20% fat from corn oil. On a per weight basis, the per-

centage of calories from fat in this diet is 37.8% compared

to 11.5% in the AIN76A chow diet. Although sucrose is

reduced in the HFWD relative to the AIN76A control diet,

the overall calories provided in the HFWD are 4,767 kcal%

vs. 3,902 kcal% in the rodent chow. In addition to its high

fat content, the HFWD has other modifications. Methionine

is replaced with cysteine; amounts of fiber, folic acid, and

choline are reduced; and, most importantly, the Ca2? level

is reduced to approximately 8% of the level in normal

mouse chow. The HFWD supplemented with the mineral-

rich marine algae extract is similar to the unsupplemented

HFWD except that the algae extract is included in the

makeup (62 g%) to provide a comparable Ca2? level to the

amount provided in AIN76A. Diets were formulated and

provided by Research Diets (New Brunswick, NJ). The

composition of the three diets is presented in Table 2.

Treatment Protocol

Sixty C57BL/6 mice (30 male and 30 female) were divided

into three groups and maintained for 15 months on the

three diets. Food was provided ad libitum. Animals were

monitored at weekly intervals throughout the maintenance

phase and weighed monthly. Animals that survived for the

15-month period (as well as four animals that died during
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month 14) were included in the study. This study was

reviewed and approved by the University Committee on

Use and Care of Animals (UCUCA) at the University of

Michigan. Animals that died prematurely were autopsied,

but their long bones were not analyzed. The majority of

such animals were killed (in accord with UCUCA guide-

lines) when they developed an ulcerative dermatitis that

was unresponsive to topical antibiotic treatment. Addi-

tionally, one animal developed neurological symptoms and

was killed, one animal had a liver tumor, and the cause of

death was not apparent for two. Of the animals that were

included in the bone analysis, there were nine males and

eight females from the AIN76A group, seven males and

four females from the HFWD group, and five males and 10

females from the mineral-supplemented HFWD group.

Preparation of Skeletal Tissue and Micro-Computer-

Assisted Tomography

The left femora and left tibiae were carefully dissected free

of associated connective tissue at the time of death. The

bones were immediately placed in sealed containers with

lactated Ringer’s solution and frozen at -20�C until use.

The femora and tibiae were then 3D-imaged using a micro-

computer-assisted tomography (micro-CT) system (eXplore

Locus SP; GE Healthcare Pre-Clinical Imaging, London,

Canada) as previously described and validated [38, 39].

Measurements were taken at an operating voltage of 80 kV

and 80 mA of current, with an exposure time of 1,600 ms

using the Parker scan technique, which rotates the sample

180 degrees plus a fan angle of 20 degrees. The effective

voxel size of the reconstructed image was 18 9 18 9

18 lm3. Images were globally thresholded and used to

measure the length of both long bones as well as to quantify

parameters of bone density, geometry, and morphology.

Cortical regions of interest (ROIs) were selected within

the mid-diaphysis of both the femur and tibia. Specifically,

the femoral ROI was selected by locating the center point

between the greater trochanter and the distal growth plate.

A cylindrical ROI then was centered around that point,

encompassing the entire cortical cross section, with the

depth of the ROI being standardized to a percentage of the

overall femur length (18%). The tibial cortical ROI was

selected by locating the tibiofibular junction. A cylindrical

ROI then was generated just proximal to that junction,

encompassing the entire cortical cross section, with the

Table 1 Composition of the

mineral-rich extract

Source: 2008 Test Certificate

for Aquamin�, by Advanced

Laboratories (Salt Lake City,

UT), for client Marigot (Ireland)

Element lg/g Element lg/g Element lg/g

Aluminum 291 Hafnium \0.03 Rubidium 1.95

Antimony 6.74 Holmium \0.05 Ruthenium 0.088

Arsenic \0.2 Indium 0.052 Samarium 0.529

Barium 64.2 Iodine 32.8 Scandium 0.041

Beryllium 0.306 Iridium \0.05 Selenium 0.672

Bismuth 0.081 Iron 915 Silicon 504

Boron 39.5 Lanthanum 0.372 Silver 0.250

Bromine 10.1 Lead 0.158 Sodium 4,150

Cadmium 0.070 Lithium 2.77 Strontium 1,810

Calcium 351,500 Lutetium 0.065 Sulfur 5,700

Carbon 122,000 Magnesium 25,800 Tantalum 0.060

Cerium 2.17 Manganese 57.5 Tellurium 0.048

Cesium 0.096 Mercury 0.008 Terbium 0.030

Chloride 910 Molybdenum 0.052 Thallium 0.088

Chromium 0.820 Neodymium 0.034 Thorium \0.02

Cobalt 0.082 Nickel 1.48 Thulium 0.061

Copper 4.89 Niobium 0.142 Tin 0.197

Dysprosium 0.078 Osmium \0.05 Titanium 27.8

Erbium 4.27 Palladium \0.01 Tungsten 0.188

Europium 0.051 Phosphorus 310 Vanadium 37.5

Fluoride 7.28 Platinum \0.01 Ytterbium 0.096

Gadolinium 0.109 Potassium 5,176 Yttrium 1.22

Gallium 2.48 Praseodymium 0.228 Zinc 15.8

Germanium 0.207 Rhenium \0.05 Zirconium 0.339

Gold \0.01 Rhodium \0.01
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depth of the ROI being standardized to a percentage of the

overall tibia length (10%).

The femoral trabecular ROI was selected by using a

spline function to manually select a 2D region (key frame

contour) encompassing only the trabecular bone within the

distal metaphysis. A key frame contour was selected on

every 10 frames starting at the distal growth plate and

continuing proximal until the ROI depth was reached. The

ROI depth was standardized to a percentage of the overall

femur length (10%). After completion of the key frame

contour selections, additional contours were generated by

interpolating contours between key frames. A 3D ROI was

then generated from all the contours. The tibial trabecular

ROI was selected by using a spline function to manually

select a 2D region (key frame contour) encompassing only

the trabecular bone within the proximal metaphysis. A key

frame contour was selected on every 10 frames starting at

the proximal growth plate and continuing distal until the

ROI depth was reached. The ROI depth was standardized

to a percentage of the overall tibial length (5%). After

completion of the key frame contour selections, additional

contours were generated by interpolating contours between

key frames. A 3D ROI was then generated from all the

contours.

The cortical ROIs were assessed both densitometrically

(bone mineral content and tissue mineral density) and

Table 2 Diet compositions

AIN76A HFWD HFWD ? supplement

g% kcal% g% kcal% g% kcal%

Protein 20.3 20.8 24.4 20.5 22.9 20.5

Carbohydrate 66 67.7 48.5 41.8 45.7 41.8

Fat 5 11.5 20 37.8 18.8 37.8

Total 91.3 100 92.9 100 87.5 100

kcal/g 3.9 4.76 4.49

Ingredients g kcal g kcal g kcal

Casein (80 mesh) 200 800 240 960 240 960

DL-Methionine 3 12 0 0 0 0

L-Cystine 0 0 3.6 14 3.6 14

Corn starch 150 600 100 400 100 400

Maltodextrin 10 0 0 75 300 75 300

Sucrose 500 2,000 310.418 1,242 310.418 1,242

Cellulose (BW200) 50 0 20 0 20 0

Corn oil 50 450 200 1,800 200 1,800

Ethoxyquin 0.01 0 0.01 0 0.01 0

Mineral mix S10001a 35 0 0 0 0 0

Mineral mix S10001Ab 0 0 21 0 21 0

Monosodium phosphate 0 0 7.98 0 7.98 0

Monopotassium phosphate 0 0 7.91 0 7.91 0

Calcium carbonate 0 0 0.88 0 0.88 0

Red algae extract (12% calcium) 0 0 0 0 62 0

Vitamin mix V10001 10 40 0 0 0 0

Vitamin mix V13202 0 0 12 48 12 48

Choline bitartrate 2 0 1.2 0 1.2 0

Folic acid 0 0 0.00023 0 0.00023 0

Vitamin D3 (100,000 IU/g) 0 0 0.0012 0 0.0012 0

Total 1,000.01 3,902 1,000.05 4,764.07 1,062.05 4,764.07

a Mineral mix for control diet (per kg mineral mix): calcium phosphate dibasic 500 g, magnesium oxide 24 g, potassium citrate 220 g, potassium

sulfate 52 g, sodium chloride 74 g, chromium potassium sulfate 0.55 g, cupric carbonate 0.30 g, potassium iodate 0.01 g, ferric citrate 6 g,

manganous carbonate 3.50 g, sodium selenite 0.01 g, zinc carbonate 1.60 g, sucrose 118.03 g
b Mineral mix for Western-style diet (per 0.5 kg mineral mix): magnesium oxide 24 g, potassium citrate 220 g, potassium sulfate 52 g, sodium

chloride 74 g, chromium potassium sulfate 0.55 g, cupric carbonate 0.30 g, potassium iodate 0.01 g, ferric citrate 6 g, manganous carbonate

3.50 g, sodium selenite 0.01 g, zinc carbonate 1.60 g, sucrose 118.03 g
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geometrically (mean thickness and cross-sectional area,

bending moments of inertia, and endosteal and periosteal

perimeters). The trabecular ROIs were assessed both den-

sitometrically (bone mineral content and tissue mineral

density) and morphologically (bone volume fraction, sur-

face-to-volume ratio, and trabecular thickness, number, and

spacing).

Biomechanical Testing

Whole-bone mechanical properties were determined by

loading the left femora to failure in four-point bending,

using a servohydraulic testing machine (858 Mini Bionix

II; MTS Systems, Eden Prairie, MN) with a customized

testing fixture at a constant displacement rate of 0.5 mm/s

[40]. Femora were loaded in the anterior–posterior direc-

tion so that the posterior side of the bone was in tension and

the anterior side was in compression. Load–displacement

curves were analyzed using MATLAB software (version

R2008b; Mathworks, Natick, MA) to determine yield load,

failure load, stiffness, energy to failure, and displacement

ratio. Yield load was defined as the elastic limit before

which permanent deformation occurred as measured by the

secant method (secant stiffness differed by 10% from the

initial tangential stiffness). Failure load was the load at

which the bone catastrophically failed. Stiffness was

defined as the slope of the linear region of the preyield

load–displacement curve. Energy to failure was determined

with numerical integration as the area under the load–dis-

placement curve up to the point at which the bone failed. A

displacement ratio was calculated as the ratio of ultimate

displacement to yield displacement to characterize the

relative magnitudes of elastic and plastic deformation.

Tartrate-Resistant Acid Phosphatase, Osteocalcin, and

N-Terminal Peptide of Type I Procollagen

Tartrate-resistant acid phosphatase (TRAP), osteocalcin,

and N-terminal peptide of type I procollagen (PINP) were

assessed in plasma samples using commercially available

enzyme-linked immunosorbant assays (ELISAs). Immu-

nodiagnostic Systems (Fountain Hills, AZ) was the source

of assay kits for TRAP and PINP. Biomedical Technolo-

gies (Stoughton, MA) was the source for the osteocalcin

kit. TRAP is produced by osteoclasts and macrophages in

large amounts and accumulates in the blood. This assay

procedure assesses TRAP 5b, which is the form specific to

osteoclasts [41]. Recent studies suggest that TRAP 5b is a

measure of osteoclast number rather than activity per se

[42]. Osteocalcin and PINP are measures of osteoblast

function. Osteocalcin, a major noncollagenous bone pro-

tein, is a measure of bone turnover [43]. Type I collagen is

the major collagenous protein in bone [44].

Statistical Evaluation

Micro-CT analyses, biomechanical testing data, and data

from biochemical assessments were reported as group

means and standard deviations. Differences among the

dietary groups for both females and males were evaluated

statistically by ANOVA (six groups for micro-CT and

females only for biomechanical and biochemical assess-

ments), followed by paired group comparisons. Differences

were considered significant at the P \ 0.05 level.

Results

Micro-CT Analysis of Femora and Tibiae from Female

Mice on the HFWD With or Without the Mineral-Rich

Extract

Normal C57BL/6 mice were maintained for 15 months on

a low-fat rodent chow diet or on the HFWD with or without

the mineral-rich extract as a supplement. At the initiation

of the study, all animals were 3–4 weeks of age and had an

average weight of 16 ± 1 g. Over the 15-month period,

animals gained weight on all three diets. At the end of the

15-month period, mice on the AIN76A (rodent chow) diet

had an average weight of 40 ± 4 g. The weights of mice

on the unsupplemented and supplemented HFWD were

50 ± 6 and 48 ± 7 g, respectively (both statistically dif-

ferent from chow diet weights at P \ 0.01 but not statis-

tically different from each other). Although male mice

were heavier than female mice in all three groups, relative

differences were seen with both males and females.

Surviving animals were killed at month 15, and femora

and tibiae were analyzed by micro-CT. The quantitative

results from female mice in this study are presented in

Tables 3 and 4. Figure 1 presents 3D micro-CT images of

the cortical and trabecular regions of a femur from a female

mouse in each diet group. To summarize, by the end of the

15-month study, female mice on the HFWD had lost a

significant amount of bone mineral compared to female

mice on the low-fat (AIN76A) chow diet. In the cortical

analysis there were reductions in bone mineral content,

tissue mineral density, mean cortical thickness, and cortical

cross-sectional area. This was observed in both femora and

tibiae. In the trabecular analysis, female mice on the

HFWD had lower bone mineral content, tissue mineral

density, and bone volume fraction, due to decreases in both

trabecular number and thickness.

Female mice that received the mineral-rich extract as a

supplement in the HFWD did not demonstrate bone min-

eral loss. Statistically significant differences between the

HFWD and HFWD with the mineral supplement were seen

with several parameters in both the cortical and trabecular
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Table 3 Micro-CT analysis of cortical and trabecular regions of femora from female mice in the three diet groups

AIN76A HFWD HFWD ? supplement

Cortical

Bone mineral content (mg) 4.43 ± 0.35 3.77 ± 0.35 4.56 ± 0.39*

Tissue mineral density (mg/cc) 1,140 ± 16 1,078 ± 27 1,162 ± 25**

Mean thickness (mm) 0.196 ± 0.014 0.164 ± 0.020 0.210 ± 0.017**

Polar moment of inertia (mm4) 0.173 ± 0.013 0.177 ± 0.025 0.190 ± 0.018

Endosteal perimeter (mm) 4.12 ± 0.11 4.49 ± 0.27 4.17 ± 0.10*

Periosteal perimeter (mm) 5.30 ± 0.13 5.47 ± 0.15 5.40 ± 0.09

Cross-sectional area (mm2) 0.87 ± 0.06 0.78 ± 0.09 0.93 ± 0.07*

Bone length (mm) 16.2 ± 0.2 15.8 ± 0.2 16.0 ± 0.3

Trabecular

Bone mineral content (mg) 0.56 ± 0.18 0.49 ± 0.06 0.59 ± 0.07*

Tissue mineral density (mg/cc) 607 ± 46 627 ± 31 677 ± 33**

Bone volume fraction (mm3/mm3) 0.04 ± 0.05 0.02 ± 0.01 0.06 ± 0.03*

Surface to volume ratio (mm2/mm3) 57.11 ± 15.17 54.65 ± 6.94 42.76 ± 5.76**

Trabecular thickness (mm) 0.037 ± 0.010 0.037 ± 0.010 0.047 ± 0.010**

Trabecular number (1/mm) 0.52 ± 0.23 0.49 ± 0.19 1.18 ± 0.48**

Trabecular spacing (mm) 1.91 ± 0.92 2.34 ± 1.28 0.98 ± 0.54**

Each bone was subjected to micro-CT at two regions—cortical and trabecular. With each bone, eight cortical parameters and seven trabecular

parameters were assessed. Values for each parameter are means and standard deviation. Statistical significance of each parameter was assessed

by ANOVA followed by paired group comparisons (P \ 0.05). Asterisks are placed with the HFWD ? supplement group: * statistically

significant improvement relative to the HFWD group, ** statistically significant improvement relative to both AIN76A and HFWD groups. Data

are based on eight mice in the AIN76A diet group, four mice in the HFWD group, and 10 mice in the HFWD ? supplement group

Table 4 Micro-CT analysis of cortical and trabecular regions of tibiae from female mice in the three diet groups

AIN76A HFWD HFWD ? supplement

Cortical

Bone mineral content (mg) 1.62 ± 0.10 1.43 ± 0.11 1.62 ± 0.11*

Tissue mineral density (mg/cc) 1,132 ± 19 1,095 ± 44 1,150 ± 19*

Mean thickness (mm) 0.21 ± 0.02 0.18 ± 0.02 0.21 ± 0.01*

Polar moment of inertia (mm4) 0.157 ± 0.023 0.137 ± 0.009 0.150 ± 0.143

Endosteal perimeter (mm) 2.52 ± 0.10 2.62 ± 0.22 2.44 ± 0.09

Periosteal perimeter (mm) 3.88 ± 0.14 3.79 ± 0.10 3.77 ± 0.11

Cross-sectional area (mm2) 0.62 ± 0.05 0.56 ± 0.05 0.62 ± 0.03*

Bone length (mm) 17.9 ± 0.3 17.7 ± 0.2 17.9 ± 0.2

Trabecular

Bone mineral content (mg) 0.27 ± 0.06 0.22 ± 0.01 0.34 ± 0.05**

Tissue mineral density (mg/cc) 644 ± 33 638 ± 49 669 ± 27

Bone volume fraction (mm3/mm3) 0.04 ± 0.02 0.03 ± 0.01 0.08 ± 0.02**

Surface to volume ratio (mm2/mm3) 45.47 ± 4.13 47.86 ± 5.91 38.68 ± 3.39**

Trabecular thickness (mm) 0.044 ± 0.004 0.042 ± 0.005 0.052 ± 0.005**

Trabecular number (1/mm) 0.84 ± 0.43 0.67 ± 0.21 1.45 ± 0.30**

Trabecular spacing (mm) 1.38 ± 0.61 1.54 ± 0.38 0.66 ± 0.15**

Each bone was subjected to micro-CT at two regions—cortical and trabecular. With each bone, eight cortical parameters and seven trabecular

parameters were assessed. Values for each parameter are means and standard deviation. Statistical significance of each parameter was assessed

by ANOVA followed by paired group comparisons (P \ 0.05). Asterisks are placed with the HFWD ? supplement group: * statistically

significant improvement relative to the HFWD group, ** statistically significant improvement relative to both AIN76A and HFWD groups. Data

are based on eight mice in the AIN76A diet group, four mice in the HFWD group, and 10 mice in the HFWD ? supplement group
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regions of both tibiae and femora (Tables 3, 4, Fig. 1).

Perhaps most surprising was that female animals on the

HFWD with the mineral-rich extract had better bone

structural properties than females on the low-fat (AIN76A)

diet, even though the AIN76A animals had comparable

Ca2? levels. The most dramatic effects were seen in the

trabecular region, where there was a large increase in tra-

becular number and thickness and a concomitant reduction

in trabecular space in the mineral-supplemented HFWD

animals relative to both other groups. Similar changes were

observed in both femora and tibiae (Tables 3, 4).

Bone Strength Measurements (Female Mice)

Bone strength measurements were obtained by testing

femora to failure in four-point bending. The results from

these measurements in female mice are presented in Fig. 2,

where it can be seen that yield load, failure load, and

Fig. 1 Micro-CT cross-

sectional images through

cortical (mid-diaphysis) and

trabecular (distal metaphysis)

ROIs of femora from female

mice on three different diets.

Differences in cortical thickness

and in trabecular number,

thickness, and space are evident

Fig. 2 Bone strength

measurements from female

mice in the three diet groups.

Femora were tested to failure in

four-point bending. Values for

each parameter are means and

standard deviations for females.

Statistical significance of each

parameter was assessed by

ANOVA followed by paired

group comparisons. Asterisks
are placed on the

HFWD ? supplement group:

* statistically significant

improvement relative to the

AIN76A group, ** statistically

significant improvement relative

to both AIN76A and HFWD

(P \ 0.05). Data are based on

eight mice in the AIN76A diet

group, four mice in the HFWD

group, and 10 mice in the

HFWD ? supplement group

M. N. Aslam et al.: Mineral-Rich Extract and Bone 319

123



stiffness were all higher in the animals fed the high-fat diet

with the mineral-rich supplement than in animals fed the

same high-fat diet without the supplement. There was little

difference in yield load and failure load between female

mice on the low-fat chow diet and animals on the HFWD

without the mineral-rich extract. Thus, the major difference

was between animals on the HFWD with the supplement

and animals in the other two groups. In addition to these

differences, there were differences in stiffness. In regard to

bone stiffness, female mice on the AIN76A were inter-

mediary between female mice on the other two diets.

Taken together, these data indicate that the mineral-rich

extract not only overcame the consequences of the HFWD

in female mice but preserved bone strength to a greater

degree than did the low-fat chow diet.

Finally, energy to failure and displacement ratio were

also found to be greater in the animals fed the high-fat diet

with the mineral-rich supplement than in animals on the

low-fat diet or animals on the high-fat diet without the

supplement. Of interest, however, both groups of animals

on the high-fat diet (i.e., with or without the mineral-rich

extract) required more energy to failure than animals on the

low-fat diet. These latter results suggest that the high-fat

diet increased the toughness of bone (with or without the

mineral-rich supplement). However, without the mineral

supplement, the increased toughness came at a significant

price—reduced strength and stiffness, reflecting a

decreased mineral to matrix ratio (see [45] for in-depth

analysis of bone strength vs. toughness).

Fig. 3 Osteocalcin, PINP, and TRAP levels in plasma from female

mice in the three diet groups. Plasma levels of osteocalcin, PINP, and

TRAP 5b were assessed by ELISA from animals killed at the end of

the 15-month study. Statistical significance of each parameter was

assessed by ANOVA followed by paired group comparisons.

** Statistically significant difference relative to both AIN76A and

HFWD (P \ 0.05). Data are based on eight mice in the AIN76A diet

group, four mice in the HFWD group, and 10 mice in the

HFWD ? supplement group

Table 5 Micro-CT analysis of cortical and trabecular regions of femora from male mice in three diet groups

AIN76A HFWD HFWD ? supplement

Cortical

Bone mineral content (mg) 4.18 ± 0.20 4.35 ± 0.36 4.14 ± 0.37

Tissue mineral density (mg/cc) 1,110 ± 13 1,105.3 ± 17 1,119 ± 28

Mean thickness (mm) 0.187 ± 0.005 0.185 ± 0.008 0.183 ± 0.020

Polar moment of inertia (mm4) 0.144 ± 0.013 0.172 ± 0.026 0.164 ± 0.018

Endosteal perimeter (mm) 4.37 ± 0.19 4.60 ± 0.21 4.63 ± 0.12

Periosteal perimeter (mm) 5.61 ± 0.25 5.94 ± 0.23 5.80 ± 0.19

Cross-sectional area (mm2) 0.82 ± 0.03 0.87 ± 0.05 0.86 ± 0.09

Bone length (mm) 15.8 ± 0.2 15.4 ± 0.3 15.5 ± 0.2

Trabecular

Bone mineral content (mg) 0.59 ± 0.05 0.62 ± 0.07 0.59 ± 0.06

Tissue mineral density (mg/cc) 577 ± 80 574 ± 27 636 ± 26**

Bone volume fraction (mm3/mm3) 0.05 ± 0.01 0.06 ± 0.01 0.06 ± 0.02

Surface to volume ratio (mm2/mm3) 56.06 ± 2.34 56.36 ± 7.69 48.83 ± 3.89

Trabecular thickness (mm) 0.035 ± 0.001 0.036 ± 0.005 0.041 ± 0.003

Trabecular number (1/mm) 1.49 ± 0.43 1.40 ± 0.34 1.45 ± 0.27

Trabecular spacing (mm) 0.69 ± 0.23 0.72 ± 0.20 0.67 ± 0.15

Each bone was subjected to micro-CT at two regions—cortical and trabecular. With each bone, eight cortical parameters and seven trabecular

parameters were assessed. Values for each parameter are means and standard deviation. Statistical significance of each parameter was assessed

by ANOVA followed by paired group comparisons (P \ 0.05). Asterisks are placed with the HFWD ? supplement group: ** statistically

significant improvement relative to both AIN76A and HFWD groups. Data are based on nine mice in the AIN76A diet group, seven mice in the

HFWD group, and five mice in the HFWD ? supplement group
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TRAP, Osteocalcin, and PINP (Female Mice)

TRAP, osteocalcin, and PINP were assessed in plasma

samples using commercially available ELISAs. With

osteocalcin and PINP, there were no significant differences

among female mice of any diet group (Fig. 3). In contrast,

TRAP levels were higher in female mice on the HFWD

supplemented with the mineral-rich extract than in female

mice from the other two diet groups (Fig. 3).

Micro-CT Analysis of Femora and Tibiae from Male

Mice on the HFWD With or Without the Mineral-Rich

Extract

Femora and tibiae from male mice were analyzed by

micro-CT in the same manner as done with bones from

female mice. The quantitative results from male mice are

presented in Tables 5 and 6. To summarize, when cortical

bone data from male mice in the AIN76A control group

were compared to cortical bone data from female mice in

the same diet group, there was little difference in either

femora or tibia. In contrast, there were differences between

male mice and female mice in the trabecular region of both

bones. In particular, there was a large increase in trabecular

number in male mice compared to female mice, without a

change in trabecular thickness. The increase in trabecular

number without a change in thickness was reflected in

differences in trabecular space. This was substantially

reduced in both femora and tibiae of male mice relative to

what was observed in the same bones from female mice

(P \ 0.01 between male and female mice on the AIN76A

chow diet for both parameters; compare Tables 3 and 4

with Tables 5 and 6).

When male mice in the different diet groups were

compared to one another, minimal diet-specific differences

were observed (Tables 5, 6). In particular, the diet-specific

alterations in trabecular thickness, number, and space that

were prominent in female mice were not observed in their

male counterparts.

Discussion

This report describes a study in which C57BL/6 mice were

maintained for 15 months on a high–saturated fat, low-

Ca2? diet with and without a dietary supplement consisting

of a multi-mineral-rich marine algae extract. The high-fat

diet was formulated to mimic the diet consumed by many

individuals in Western countries [24, 25]. The HFWD was

originally utilized in studies related to colon polyp for-

mation [28–30], but subsequent work showed that bone

mineral loss occurred in mice maintained on a similar

dietary regimen [31, 32]. Consistent with these past find-

ings, our study showed that female mice maintained on the

Table 6 Micro-CT analysis of cortical and trabecular regions of tibiae from male mice in the three diet groups

AIN76A HFWD HFWD ? supplement

Cortical

Bone mineral content (mg) 1.52 ± 0.05 1.45 ± 0.22 1.57 ± 0.18

Tissue mineral density (mg/cc) 1,107 ± 22 1,091 ± 46 1,135 ± 47

Mean thickness (mm) 0.198 ± 0.008 0.191 ± 0.020 0.190 ± 0.022

Polar moment of inertia (mm4) 0.138 ± 0.009 0.141 ± 0.025 0.152 ± 0.015

Endosteal perimeter (mm) 2.51 ± 0.09 2.54 ± 0.13 2.59 ± 0.14

Periosteal perimeter (mm) 3.91 ± 0.20 3.79 ± 0.13 3.96 ± 0.23

Cross-sectional area (mm2) 0.58 ± 0.03 0.58 ± 0.08 0.60 ± 0.06

Bone length (mm) 17.8 ± 0.1 17.6 ± 0.2 17.7 ± 0.2

Trabecular

Bone mineral content (mg) 0.28 ± 0.02 0.30 ± 0.03 0.32 ± 0.03

Tissue mineral density (mg/cc) 569 ± 14 579 ± 40 600 ± 31

Bone volume fraction (mm3/mm3) 0.06 ± 0.01 0.07 ± 0.01 0.07 ± 0.01

Surface to volume ratio (mm2/mm3) 52.54 ± 3.18 49.85 ± 4.80 51.11 ± 3.98

Trabecular thickness (mm) 0.038 ± 0.002 0.040 ± 0.004 0.039 ± 0.003

Trabecular number (1/mm) 1.67 ± 0.34 1.71 ± 0.32 1.69 ± 0.31

Trabecular spacing (mm) 0.58 ± 0.11 0.56 ± 0.12 0.56 ± 0.10

Each bone was subjected to micro-CT at two regions—cortical and trabecular. With each bone, eight cortical parameters and seven trabecular

parameters were assessed. Values for each parameter are means and standard deviation. Statistical significance of each parameter was assessed

by ANOVA followed by paired group comparisons (P \ 0.05). Data are based on nine mice in the AIN76A diet group, seven mice in the HFWD

group, and five mice in the HFWD ? supplement group
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HFWD experienced bone mineral loss and decreased bone

strength compared to mice maintained over the same time

period on a low-fat rodent chow (AIN76A) diet. These

deleterious consequences were completely mitigated in

female mice that received the mineral-rich supplement in

the HFWD. In fact, mice on the HFWD with the mineral-

rich supplement had increased mineral content and

increased bone strength compared to control mice on the

standard, low-fat rodent chow diet. This was in spite of the

fact that the low-fat diet and the mineral-supplemented

HFWD had comparable Ca2? levels. The implication of

these findings is that while Ca2? may be the most important

cationic mineral, other constituents of the multimineral

supplement also appear to play important roles in over-

coming the deleterious effects of the HFWD on bone

structure and function.

In this study, separate cohorts of male and female mice

were included in each diet group. When cortical and tra-

becular bone parameters were compared in male vs. female

mice on the control rodent chow (AIN76A) diet, there was

little gender difference in cortical parameters. There were

differences, however, in trabecular parameters. Specifi-

cally, male mice had a higher average value for trabecular

number than did female mice and, correspondingly, a

smaller value for trabecular space. In neither of these two

parameters, nor in virtually any of the other cortical or

trabecular parameters assessed, were there significant diet-

specific differences in males. This was very different with

female mice. As noted above, detrimental effects of the

HFWD were observed in several parameters in both

regions of the bone. Concomitantly, protective effects of

the mineral-rich supplement were seen in female mice. The

basis for these striking, gender-specific differences is not

understood. In Caucasian populations, males account for

20–30% of osteoporotic bone fractures [3, 46], but bone

mineral loss and fractures tend to occur at more advanced

age. The exception to this is in prostate cancer patients,

where bone loss is a consequence of hormone-ablation

therapy. A reasonable hypothesis is that the precipitous loss

of estrogen in women at menopause and the slow decline in

testosterone with advancing age in men is largely respon-

sible for (or, at least, contributes to) the time-dependent

differences in onset of bone loss and sensitivity to osteo-

porotic fractures. In male mice, testosterone levels may

remain high through 20–24 months in individual animals,

while estrogens are essentially gone from female mice by

16 months [47]. Our study (15 months) may simply not

have lasted long enough to see age-related bone changes in

the male cohort. The fact that there were trends in certain

of the parameters (especially tissue mineral density) among

male mice is supportive of this suggestion. Additional,

longer-term studies will be required to address this issue

definitively.

At this point, we do not know which of the multiple

minerals present in the supplement contribute to the

effects noted or the mechanisms by which they act to

preserve bone structure and function in female mice.

Additional experiments will be necessary to address both

issues. At this point, it seems prudent not to speculate

beyond noting that many of the individual components in

the multi-mineral-rich dietary product are likely to

directly impact bone structure and function [1, 10].

Alternatively, the beneficial effects on bone may be sec-

ondary to other, more global effects of the mineral-rich

supplement. An attractive (alternative) hypothesis

involves a role for the mineral-rich supplement in control

of systemic inflammation. Chronic systemic inflammation

is well accepted as a risk factor in bone mineral loss [48–

50]. We hypothesize that in the high-fat, low-Ca2? diet,

epithelial differentiation in the gastrointestinal tract is

impaired, leading to a defective or ‘‘leaky’’ barrier, with a

higher level of proinflammatory moieties (bacteria, bac-

terial toxins, food allergens, etc.) continually ‘‘leaching’’

into the tissues [51]. The mineral-rich extract may retard

inflammation by supporting epithelial differentiation in

the gastrointestinal tract. Of relevance to this, we recently

demonstrated that the mineral-rich algae extract promoted

colonic epithelial cell differentiation in vitro [52]. In our

study, epithelial cells that were resistant to Ca2?-mediated

differentiation, as well as cells that were fully sensitive to

the growth- and differentiation-regulating effects of Ca2?,

were used. The mineral extract was effective in sup-

pressing growth and inducing differentiation in both

populations.

Mechanisms aside, it is important to ask whether the

mineral-rich marine algae extract could be used routinely

in humans as a dietary supplement under conditions

needed for maintenance of bone structure/function. Based

on the positive results generated in the present study, it

would appear worthwhile to undertake a long-term com-

prehensive prospective study in human volunteers. Ulti-

mately, only such studies can determine whether or not

the mineral mix will have sufficient efficacy without

toxicity to warrant development. The algae extract is

already available as a food supplement under the name

Aquamin (GRAS 000028) and is currently used in various

products for human consumption in Europe, Asia, Aus-

tralia, and North America. The mineral-rich supplement

has recently been examined in a small, short-term clinical

study [36, 37]. There is no reason why further develop-

ment of this material for bone health should not be

considered.
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