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Dietary supplements 
do not improve bone morphology 
or mechanical properties in young 
female C57BL/6 mice
Amy Creecy1,2, Collier Smith1 & Joseph M. Wallace1*

Bone is a hierarchical material formed by an organic extracellular matrix and mineral where each 
component and their physical relationship with each other contribute to fracture resistance. Bone 
quality can be affected by nutrition, and dietary supplements that are marketed to improve overall 
health may improve the fracture resistance of bone. To test this, 11 week old female C57BL/6 mice 
were fed either collagen, chondroitin sulfate, glucosamine sulfate, or fish oil 5 times a week for 
8 weeks. Femurs, tibiae, and vertebrae were scanned with micro-computed tomography and then 
mechanically tested. Glucosamine and fish oil lowered elastic modulus, but did not alter the overall 
strength of the femur. There were no differences in bone mechanics of the tibiae or vertebrae. Overall, 
the data suggest that dietary supplements did little to improve bone quality in young, healthy mice. 
These supplements may be more effective in diseased or aged mice.

Bone is a hierarchical material with the nanoscale level consisting of an organic extracellular matrix (ECM) 
scaffolding on which the mineral hydroxyapatite  forms1. Collagen accounts for 90% of the organic ECM, and 
the remaining matrix proteins including osteocalcin, osteopontin, glycosaminoglycans, and proteoglycans 
such as  biglycan2, are simply referred to as non-collagenous proteins Collagen primarily consists of the amino 
acids hydroxyproline, proline, and glycine and undergoes post-translational modifications, such as when it is 
crosslinked by the enzyme lysyl  oxidase3. In addition to protein and mineral, water is present and can be either 
free within the many pores in bone, or more closely affiliated with collagen or mineral in what is referred to 
as bound water 4. Alterations in one component of the matrix often alter the other phases given their intimate 
interaction. As an example, mutations in collagen affecting its structure can lead to alterations in mineralization, 
and non-collagenous proteins may affect the amount of bound water in  bone5.

Each nanoscale component contributes to the overall fracture resistance of bone, which is determined by both 
structural mechanical properties that are dependent on bone mass, and tissue or material-level properties that 
are independent of structure. Tissue and material-level properties are often collectively referred to as measures 
of bone quality. High levels of mineralization increase the stiffness of the matrix and the overall strength, but can 
also lead to a decrease in the bone’s ability to dissipate  energy6,7. The organic portion of the ECM is thought to be 
primarily responsible for the post-yield properties, with destruction of the organic ECM components resulting 
in brittle  bones8. While a certain level of crosslinking is needed to maintain bone strength, an overabundance 
of crosslinking can increase bone’s brittleness. Enzymatic crosslinking is a highly controlled process, but the 
accumulation of AGEs, which can increase with age, diabetes, and under pro-inflammatory  conditions9–11, can 
be detrimental to mechanical integrity. Non-collagenous proteins such as glycosaminoglycans assist with fracture 
prevention by increasing the levels of bound water in bone which may facilitate better load sharing between col-
lagen and  mineral5. Alterations to the bone matrix, including losses in bound water or mineral, or an increase 
in collagen crosslinking, can drive increased fracture risk.

Two strategies for improving bone’s fracture resistance throughout an individual’s lifetime are to increase bone 
mass and quality as much as possible during adolescence and to prevent bone loss with age. Adequate nutrition is 
one way to promote bone formation during development and to prevent bone loss with  age12. Nutritional require-
ments include the components of the bone matrix such as calcium, phosphorus, magnesium, and protein, but 
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there are other important factors to consider, such as the essential vitamins that serve as cofactors for enzymes 
involved with organic ECM  formation13.

In recent years, over the counter dietary supplements have become plentiful, and many are marketed as being 
able to improve cartilage, bone, and general health. Chondroitin sulfate is a major subtype of glycosaminoglycan 
found in bone and glucosamine sulfate is a hexosamine sugar that is required to form many macromolecules, 
including  glycosaminoglycans14. Both supplements have been studied for relief of osteoarthritis-associated 
 pain15,16. There is some in vitro evidence to suggest they may act through inhibition of nuclear factor kappa B 
(NF-κB)  signaling17,18. NF-κB promotes osteoclastogenesis and increases inflammatory  markers19. Chondroitin 
sulfate and glucosamine can be absorbed by the gut and have been observed to be increased after supplementa-
tion in the  serum20,21. However, the bioavailability is variable and can be low as there is loss that occurs in the 
 gut22,23. Collagen is the main protein component of bone, and hydrolyzed collagen supplements are marketed 
for improvement of skin quality. Hydrolyzed collagen has previously been shown clinically to prevent loss of 
BMD in post-menopausal  women24 but did not alter bone turnover markers in adult men given the supplement 
after  exercise25. Hydrolyzed collagen would be absorbed from the gut as simple amino acids such as glycine, 
hydroxyproline, and proline. These amino acids can be readily absorbed in the gut through hydrolyzed collagen 
 supplements26. Fish oil is recommended for a variety of outcomes, including improving cardiovascular health 
and cancer prevention. Fish oil contains omega-3 poly-unsaturated fatty acids which may provide an anti-
inflammatory  effect27, and there is some evidence it may decrease bone  resorption28. Fish oil can be absorbed 
from the gut as n-3 poly-unsaturated fatty  acids29.

Given the difficulty of obtaining measures of bone structure and mechanical properties in clinical studies, 
preclinical models are needed to fully determine the effect of dietary supplements on bone quantity and tissue 
quality. The preclinical evidence to date has varied as to whether or not supplements can improve bone’s frac-
ture resistance. There are some indications that feeding rodents fish oil may improve bone  quality30, but studies 
in rabbits indicated a possible detrimental effect of fish oil on  bone31. Rats fed hydrolyzed collagen showed 
improvements in trabecular  bone32. Intradermal injections with chondroitin sulfate improved bound water and 
bone mechanics in  mice5. More detailed investigations of the various supplements marketed to improve bone 
health are needed. To this effect, we tested whether treatment with the dietary supplements collagen, chondroitin 
sulfate, glucosamine sulfate, or fish oil would improve bone’s structural parameters and tissue-level mechanical 
properties in growing, female mice.

Methods
Animals. Female C57BL/6 mice bred in house were used for this study (male and female C57BL/6NHsd 
breeders purchased from Envigo (Indianapolis, IN)). Mice were housed 5 per cage, fed water and standard chow 
(LabDiet 5001, 28.7% kcal protein, 13.4% kcal fat and 57.9% kcal carbohydrates) ad libitum, and were kept on 
12 h light cycle. Females were used in this study as women have a higher incidence of fracture than  men33. Start-
ing at 11 weeks of age, animals (n = 10/group) were randomly assigned to groups and given dietary supplements 
of either hydrolyzed type I collagen (Nature’s Truth Ultra Collagen) at 1 g/kg, glucosamine sulfate potassium 
chloride (Spectrum, G1296) at 300 mg/kg, chondroitin sulfate sodium salt (Spectrum, C1610) at 250 mg/kg, or 
fish oil (Spectrum, F1192) at 1 g/kg. These values were calculated using a body surface area (BSA)  calculation34 
from human dosage values of 81.1 mg/kg for collagen, 24.3 mg/kg for glucosamine, 20.3 mg/kg for chondroitin 
sulfate and 81.1 mg/kg for fish oil. A mass of 21.5 g, calculated as the midpoint between the expected average 
weights for mice at the beginning and end of the study, was used to calculate dosage for all mice. Mice were 
treated starting at 11 weeks to determine if supplements that may be incorporated into the bone matrix would 
have an effect during growth. Bacon-flavored nutritional supplements Bacon Softies™ (Bio-Serv, F3580-1, 23.4% 
kcal protein, 28.7% kcal fat, 47.8% kcal carbohydrates) were used as a vehicle for delivering the dietary supple-
ments. Individual pieces were cut to the same size. Dietary supplements were suspended in MilliQ grade water, 
except for fish oil. The suspended dietary supplements were adsorbed onto the surface of the bacon treat. MilliQ 
grade water was used for control mice. The Bacon Softies were placed within cages, and mice were observed 
to ensure each animal was eating the treats. Animals were given dietary supplements five times a week for a 
total of eight weeks. Body weights were monitored weekly. Animals were euthanized at 19 weeks of age by  CO2 
inhalation. Cervical dislocation was performed afterwards as a secondary method to confirm euthanasia. All 
animal protocols were approved by the Indiana University Purdue University Indianapolis Institutional Animal 
Care and Use Committee (IACUC). All procedures and methods were performed in accordance with ARRIVE 
guidelines and IACUC guidelines. Femurs, tibiae, and vertebrae were harvested, stripped of soft tissue, wrapped 
in phosphate buffer saline (PBS) soaked gauze, and stored at − 20 °C until further analysis.

Micro-computed tomography. Femurs. Right femurs were scanned on a Skyscan 1172 micro-CT sys-
tem (60 kV, 167 µA, 0.5 mm Al filter) with a voxel size of 9.8 µm, a rotation step of 0.7° and frame averaging 
of 2. A hydroxyapatite standard was scanned once a week for calculation of tissue mineralization density. After 
reconstruction, images were rotated so that the mid-shaft of the bone was vertically-straight and the orientation 
of the bones were consistent with regards to the direction of the anterior and medial surfaces. Cortical bone at 
the mid-shaft was analyzed centered at the point 75% of the distance between the bottom of the trochanter and 
the top of the distal growth plate, starting 75% of the distance away from the growth plate. Trabecular bone is not 
present at this location. Using a custom Matlab code, seven slices were used to measure cortical bone parameters 
including total cross-sectional area, marrow area, cortical area, bone area fraction, cortical thickness, periosteal 
circumference, endosteal circumference, minimum moment of inertia (Imin), maximum moment of inertia 
(Imax), moment of inertia about the medial lateral axis and cortical tissue mineral density (Ct.TMD). Trabecular 
bone in the metaphysis was analyzed starting at the most proximal end of the distal growth plate and extending 
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proximally by 1 mm. An auto-contouring program using vendor-supplied software (CTan) was used to isolate 
trabecular bone from the surrounding cortical bone. Trabecular bone properties including bone volume fraction 
(BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N), trabecular spacing (Tb.Sp), and trabecular 
tissue mineralization density (Tb.TMD) were calculated using CTan. The surrounding cortical bone was not 
analyzed in this region. Length measurements were measured from left femurs using a caliper.

Tibiae. Right tibiae were scanned using the same parameters as femurs (9.8 µm voxel size) and were rotated 
such that the tibiae was aligned vertically-straight. A 1 mm portion of the metaphysis was analyzed starting 
immediately below the end of the proximal growth plate and extending distally. Seven slices of cortical bone were 
analyzed at 50% of the length of the tibiae. Cortical and trabecular bone parameters were calculated as described 
for femurs above. Right tibiae were measured for length prior to scanning with calipers.

Vertebrae. L4 vertebrae were removed from the spinal column. The intervertebral discs (IVD) on the cranial 
and caudal surfaces were removed. Vertebrae were scanned with the same parameters as femurs, and analyzed 
for the same trabecular properties. Reconstructed scans were rotated so that the cranial side of the vertebrae was 
facing up and the vertebrae posterior surface was vertically straight. The trabecular bone of the vertebrae was 
analyzed from where the vertebrae was fully formed on the cranial surface to the top of the growth plate on the 
caudal side. Contours were drawn by hand in this region.

Mechanical testing. Three‑point bending tests for femurs. Femurs were tested to failure in three-point 
bending with the anterior side in tension using a span of 7.6 mm. The displacement rate was 0.025 mm/sec and 
bones were hydrated with deionized (DI) water during testing. Load and displacement were recorded. To take 
into account the geometry of the bone and to determine estimated material properties, these were mapped to 
stress and strain using standard engineering beam theory  Equations35 and CT data (moment of inertia about the 
medial–lateral axis and extreme fiber distance to the anterior surface). The yield point was determined using the 
0.2% offset method based on the slope of the stress/strain curve. Data were analyzed for structural mechanical 
properties from the load–displacement curve including yield force, ultimate force, yield displacement, post-yield 
displacement, total displacement, stiffness, yield work, post-yield work, and total work. Additionally, estimated 
material properties including yield stress, ultimate stress, yield strain, total strain, elastic modulus, resilience, 
and toughness were calculated from the stress–strain curve.

Fracture toughness testing for tibiae. Right tibiae were hand-notched on the anteromedial aspect of the tibia 
at approximately 50% of the bone length using a scalpel coated with 0.5 µm diamond suspension solution. The 
notch did not exceed the depth of the cross-sectional midpoint. These bone were tested in three-point bending 
with the notched side in tension at a displacement rate of 0.001 mm/sec while hydrated with DI water. The notch 
was centered in between the bottom span supports. Load and displacement were measured. Upon breaking, the 
marrow was flushed and bones were dehydrated in a graded series of ethanol. Bones were stored under a vacuum 
overnight at room temperature, sputter-coated with gold, and imaged using a scanning electron microscope to 
capture notch geometry of the fracture surface. The notch edge was used to calculate the angle of crack initiation 
and the instability edges were used to calculate the angle at which unstable crack growth occurred. This calcula-
tion was performed in Matlab with the user choosing the points of the notch edge and the point where unstable 
crack growth occurred on the SEM image of the notch. The angle of the notch was then calculated based on the 
location of the bone’s cross-sectional centroid. This method of calculations can help correct for differences in 
notch geometry that occur with user notching. Critical stress factors based on the behavior of thin walled cyl-
inders were calculated for the point of crack initiation (Kcinitial), where the max force occurred (Kcmax), and 
when the instability growth occurred (Kcinstability) as described in depth  elsewhere36.

Compression testing for vertebrae. L4 vertebrae were loaded in compression at a rate of 0.025  mm/sec to a 
displacement distance of 3.5 mm using custom-designed testing fixtures. The bottom portion of the fixture con-
tained a post to pass through the neural canal between the body of the vertebra and vertebral processes, holding 
the bone in place. The top loading point had a small flat ellipsoid surface to apply load directly to the vertebral 
body. Because of potential asymmetry in the flatness of the end plate, the initial load may not have been equally 
distributed across the vertebral body and could have resulted in slight toe-in behavior. Stiffness was determined 
as the slope in the first linear portion of the curve after this toe-in (if present). Peak force was determined as 
the highest force reached during the test, and was normalized to the bone volume fraction calculated from the 
trabecular contour. Given the lack of a breaking failure point for trabecular bone and the difficulty in defining 
yield, only peak force, stiffness, and normalized peak force were reported.

Statistical analysis. D’Agostino & Pearson tests were used to determine normality. If the data set was nor-
mal, one-way ANOVA was used to analyze the data, otherwise the Kruskal–Wallis test was used. An alpha of 
0.05 was set. In cases of significance from the ANOVA, multiple comparisons were made using Dunnett’s multi-
ple comparisons test to compare treated animals to the control group. In cases of significance from the Kruskal–
Wallis test, multiple comparisons were made using Dunn’s multiple comparisons test to compare treated animals 
to the control group. Pearson correlations coefficients between cortical TMD and modulus of the femur were 
made using GraphPad.
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Results
Global parameters. There were no differences in final body weight measured at the end of the study, indi-
cating that any differences in structural properties of the bone would not be the result of differences in body 
weight (Table 1).

Femurs. Several cortical bone parameters in the right femur differed with treatments as determined by 
overall ANOVA or Kruskal–Wallis tests including cross-sectional area, marrow area, periosteal circumference, 
endosteal circumference, Imax, and Imin. Only glucosamine-treated mice had differences when compared indi-
vidually with controls, displaying a larger endosteal circumference (p = 0.0202) and marrow area (p = 0.0461). In 
the distal metaphysis, Tb.N was significantly different by one-way ANOVA (p = 0.0358), but individual compari-
sons indicated no differences.

Most mechanical properties were unchanged with any treatments (Fig. 1, Table 2). There was a difference in 
ultimate stress, but no posthoc differences between treatment groups and the controls emerged (Fig. 1A). There 
was also a difference in elastic modulus, with fish oil and glucosamine having a reduced elastic modulus versus 
controls (Fig. 1B). Modulus did not correlate with TMD, as observed in Supplemental Fig. 1. There were no other 
differences in the mechanical properties of the femurs, as seen in Table 2.

Tibiae. Few properties differed in the tibiae of treated mice. Chondroitin sulfate treated mice had lower 
trabecular thickness in the tibiae metaphysis than controls (Table 3). There were no differences in cortical bone 
morphology (Table 3), nor were there differences in any of the 3 fracture toughness measures (Fig. 2).

Vertebrae. There were no differences in trabecular architecture or mechanical properties in the vertebrae of 
treated mice when compared to controls (Fig. 3, Table 4).

Discussion
Our findings indicate that dietary supplements had little impact on bone morphology or mechanics in young 
female mice and cannot be used to improve bone’s fracture resistance. Bone quality, inferred from material-level 
mechanical properties and fracture toughness, did not improve with treatment. The only alteration in bone 
quality was a decrease in elastic modulus with glucosamine or fish oil, which is considered negative and would 
not be advantageous in preventing fracture. However, while the modulus was lower, there were no differences 

Table 1.  Global and femur structural properties. Asterisks indicate significant differences when compared to 
control group. All values are reported as average ± standard deviation. Overall ordinary one way ANOVA or 
Kruskal Wallis p values are reported.

Property Control (n = 10) Collagen (n = 10)
Chondroitin sulfate 
(n = 10) Fish oil (n = 10)

Glucosamine 
(n = 10) p value

Global

Body weight (g) 23.6 ± 1.0 23.9 ± 1.8 23.0 ± 1.5 24.2 ± 1.7 24.2 ± 1.2 0.3077

Cortical bone

Length (mm) 14.7 ± 0.2 14.8 ± 0.3 14.7 ± 0.3 14.9 ± 0.2 14.8 ± 0.4 0.4534

Total cross-sectional 
area  (mm2) 1.64 ± 0.09 1.65 ± 0.15 1.60 ± 0.09 1.72 ± 0.06 1.74 ± 0.12 0.0224

Marrow area  (mm2) 0.812 ± 0.053 0.828 ± 0.096 0.790 ± 0.055 0.862 ± 0.048 0.890 ± 0.076* 0.0161

Cortical bone area 
 (mm2) 0.826 ± 0.040 0.823 ± 0.066 0.806 ± 0.046 0.855 ± 0.033 0.852 ± 0.042 0.1097

Bone area fraction 
(%) 0.505 ± 0.012 0.499 ± 0.018 0.505 ± 0.016 0.498 ± 0.016 0.490 ± 0.011 0.1486

Cortical thickness 
(mm) 0.215 ± 0.007 0.213 ± 0.009 0.212 ± 0.009 0.217 ± 0.007 0.214 ± 0.003 0.6903

Periosteal circumfer-
ence (mm) 5.27 ± 0.14 5.28 ± 0.24 5.20 ± 0.13 5.39 ± 0.10 5.42 ± 0.18 0.0263

Endosteal circumfer-
ence (mm) 3.91 ± 0.11 3.95 ± 0.21 3.89 ± 0.12 4.03 ± 0.11 4.10 ± 0.15* 0.0135

Imax  (mm4) 0.216 ± 0.027 0.218 ± 0.040 0.206 ± 0.022 0.236 ± 0.018 0.239 ± 0.029 0.0479

Imin  (mm4) 0.120 ± 0.010 0.122 ± 0.020 0.114 ± 0.013 0.131 ± 0.010 0.134 ± 0.017 0.0324

Ct.TMD (g/cm3 HA) 1.34 ± 0.02 1.33 ± 0.03 1.35 ± 0.02 1.35 ± 0.02 1.35 ± 0.02 0.6218

Trabecular bone

BV/TV (%) 7.15 ± 0.77 8.35 ± 2.03 7.74 ± 1.93 7.11 ± 1.35 6.68 ± 1.28 0.1498

Tb.N (1/mm) 1.16 ± 0.10 1.40 ± 0.33 1.32 ± 0.33 1.12 ± 0.15 1.12 ± 0.21 0.0358

Tb.Sp (mm) 0.285 ± 0.018 0.276 ± 0.029 0.278 ± 0.028 0.297 ± 0.023 0.294 ± 0.026 0.6712

Tb.Th (mm) 0.0619 ± 0.0048 0.0598 ± 0.0023 0.0585 ± 0.0032 0.0632 ± 0.0054 0.0599 ± 0.0052 0.1289

Tb.TMD (g/cm3 HA) 0.693 ± 0.029 0.684 ± 0.014 0.678 ± 0.021 0.702 ± 0.034 0.685 ± 0.025 0.2899
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in ultimate stress for either of these groups. This suggests that the bones were less resistant to applied loading, 
but this did not affect the overall strength of the tissue. Modulus was altered in these bones without a change in 
tissue mineralization, which is an important factor in modulus as shown when mechanical testing have been 
done on different types of bones with varying  mineralization7,37. This suggests that the mineral composition 
itself may have been altered with the treatments. Fracture toughness parameters, measurements of the ability 
of bone to resist crack initiation and growth, also did not change with treatment. Together, these data suggest 
that adding more of the basic components of the bone matrix in the diet of growing mice does not improve the 
quality of the bone tissue. Some of this may be due to the method of delivery. In the case of chondroitin sulfate 
and glucosamine, it is likely that not all of the dose was absorbed due to loss during digestion. While these 
components may still act on the gut microbiome and reduce inflammation, an intradermal or intraperitoneal 
injection would deliver a higher dose.

There were some subtle differences in structural bone properties, primarily observed in the femur. In the 
cortical bone, endosteal circumference and marrow area were higher in glucosamine-treated mice compared to 
controls. These differences did not result in differences to cortical thickness or area, likely as the overall size of 
the bones expanded (both total cross sectional area and periosteal perimeter trended up and reached significance 
for the main ANOVA, but not in posthoc testing). The structural differences were too subtle to alter the overall 
mechanical properties, especially since tissue-level properties trended downward. In the tibiae, the only altera-
tion was that trabecular thickness was lower in the trabeculae of chondroitin sulfate-treated mice. This did not 
correspond to a change in trabecular bone volume of the tibiae.

Other studies have indicated that dietary supplements do not improve bone’s fracture resistance. Rabbits a 
fed a dietary supplement of fish oil had lower cortical area than control rabbits, but also had lower energy intake 
than  controls31. A second control group of pair-fed rabbits was included, but cortical area was still lower in the 

Figure 1.  Mechanics of the femur. Ultimate stress (A), elastic modulus (B) and schematics of stress–strain 
curves (C). Overall ordinary one way ANOVA or Kruskal Wallis p values are listed above the graph. Asterisks 
indicate significance when the individual group below was compared to the control group in a posthoc analysis 
with * = p = 0.0169, ** = p = 0.0019.
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fish oil fed group compared to the pair fed group and the standard controls. Rabbits fed fish oil also had lower 
stress than standard control rabbits, but the rabbits that were pair-fed also had a lower stress than the standard 
controls, indicating that the negative effect of fish oil was not independent of caloric intake. The max load and 
total energy absorbed were lower in fish oil-fed rabbits compared to both control groups. For growing, healthy 
animals, the differences in caloric intake and its effects on the bone may outweigh the benefits that could be 

Table 2.  Mechanics of femurs. Asterisks indicate significant differences when compared to control group. All 
values are reported as average ± standard deviation. Overall ordinary one way ANOVA or Kruskal Wallis p 
values are reported.

Property Control (n = 10) Collagen (n = 10)
Chondroitin sulfate 
(n = 10) Fish oil (n = 10)

Glucosamine 
(n = 10) p value

Structural

Yield force (N) 11.0 ± 2.1 10.8 ± 1.5 11.5 ± 1.1 11.0 ± 2.2 11.1 ± 1.8 0.9300

Ultimate force (N) 16.0 ± 1.4 15.6 ± 2.1 15.8 ± 1.4 15.9 ± 2.2 16.1 ± 1.1 0.9618

Yield displacement 
(µm) 119 ± 20 121 ± 16 133 ± 11 132 ± 36 123 ± 17 0.5210

Post-yield displace-
ment (µm) 473 ± 172 555 ± 324 394 ± 166 601 ± 278 518 ± 144 0.3199

Total displacement 
(µm) 592 ± 166 676 ± 323 526 ± 161 733 ± 276 641 ± 139 0.3131

Stiffness (N/mm) 107 ± 10 103 ± 8 98 ± 4 98 ± 13 103 ± 6 0.1085

Yield work (mJ) 0.753 ± 0.243 0.750 ± 0.169 0.855 ± 0.132 0.850 ± 0.344 0.791 ± 0.209 0.7463

Post-yield work (mJ) 6.49 ± 2.10 7.09 ± 3.92 5.42 ± 2.21 7.49 ± 2.58 7.21 ± 1.87 0.4293

Total work (mJ) 7.24 ± 2.07 7.84 ± 3.90 6.27 ± 2.17 8.34 ± 2.57 8.00 ± 1.83 0.4357

Material

Yield stress (MPa) 103 ± 20 100 ± 20 111 ± 16 95 ± 21 96 ± 17 0.4925

Yield strain (mε) 15.2 ± 2.5 15.2 ± 2.0 16.6 ± 1.2 17.0 ± 4.7 16.1 ± 2.3 0.5969

Total strain (mε) 75.8 ± 21.8 85.4 ± 40.7 66.6 ± 21.9 94.2 ± 35.2 84.1 ± 20.0 0.2897

Resilience (MPa) 0.90 ± 0.29 0.88 ± 0.24 1.04 ± 0.18 0.95 ± 0.40 0.90 ± 0.25 0.7256

Toughness (MPa) 8.63 ± 2.30 8.83 ± 4.08 7.55 ± 2.56 9.23 ± 2.73 9.12 ± 2.31 0.7144

Table 3.  Structural properties of the tibiae. Asterisks indicate significant differences when compared to 
control group. All values are reported as average ± standard deviation. Overall ordinary one way ANOVA or 
Kruskal Wallis p values are reported.

Property Control (n = 9–10) Collagen (n = 10)
Chondroitin sulfate 
(n = 10) Fish oil (n = 10)

Glucosamine 
(n = 10) p value

Cortical bone

Length (mm) 17.8 ± 0.2 17.9 ± 0.3 17.3 ± 2.0 18.1 ± 0.4 18.2 ± 0.6 0.3716

Total cross-sectional 
area  (mm2) 1.02 ± 0.05 1.02 ± 0.10 0.96 ± 0.07 1.06 ± 0.07 1.04 ± 0.07 0.0707

Marrow area  (mm2) 0.367 ± 0.032 0.365 ± 0.051 0.338 ± 0.043 0.391 ± 0.047 0.377 ± 0.025 0.0694

Cortical area  (mm2) 0.651 ± 0.030 0.655 ± 0.053 0.626 ± 0.035 0.667 ± 0.035 0.661 ± 0.044 0.2130

Bone area fraction 
(%) 0.640 ± 0.017 0.643 ± 0.021 0.650 ± 0.027 0.631 ± 0.024 0.637 ± 0.009 0.3174

Cortical thickness 
(mm) 0.227 ± 0.007 0.228 ± 0.009 0.226 ± 0.010 0.227 ± 0.008 0.228 ± 0.009 0.9749

Periosteal circumfer-
ence (mm) 4.33 ± 0.12 4.31 ± 0.21 4.21 ± 0.18 4.39 ± 0.17 4.37 ± 0.14 0.1226

Endosteal circumfer-
ence (mm) 2.72 ± 0.13 2.71 ± 0.18 2.63 ± 0.16 2.82 ± 0.15 2.77 ± 0.10 0.0663

Imax  (mm4) 0.0821 ± 0.0088 0.0812 ± 0.0160 0.0752 ± 0.0094 0.0888 ± 0.0109 0.0881 ± 0.0115 0.0746

Imin  (mm4) 0.0668 ± 0.0072 0.0686 ± 0.0124 0.0593 ± 0.0091 0.0709 ± 0.0109 0.0671 ± 0.0094 0.1261

Ct.TMD (g/cm3 HA) 1.35 ± 0.01 1.36 ± 0.02 1.37 ± 0.03 1.36 ± 0.02 1.35 ± 0.02 0.5074

Trabecular bone

BV/TV (%) 9.81 ± 0.77 11.47 ± 2.40 10.37 ± 2.59 9.59 ± 0.65 9.72 ± 2.64 0.2299

Tb.N (1/mm) 1.47 ± 0.13 1.77 ± 0.44 1.64 ± 0.40 1.46 ± 0.08 1.51 ± 0.44 0.2070

Tb.Sp (mm) 0.303 ± 0.032 0.281 ± 0.046 0.297 ± 0.040 0.307 ± 0.022 0.300 ± 0.050 0.6326

Tb.Th (mm) 0.0668 ± 0.0031 0.0654 ± 0.0030 0.0631 ± 0.0027* 0.0659 ± 0.0029 0.0645 ± 0.0020 0.0491

Tb.TMD (g/cm3 HA) 0.994 ± 0.047 0.986 ± 0.043 0.977 ± 0.038 0.979 ± 0.040 0.970 ± 0.037 0.7424
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gained through supplementation. In our study, while food intake was not measured, the final body weights did 
not differ in any group, making it less likely that there were significant differences in caloric intake.

In contrast, other studies have shown improvements to bone with dietary supplementation. Ovariectomized 
rats given a high dose of hydrolyzed collagen had increased maximum load in the vertebrae, but not the  femur32. 
Unfortunately, there was no microCT analysis done in this study, but the mass of the vertebrae was higher than 
the other ovariectomized groups indicating possible increases in bone volume fraction. N-acetyl-D-glucosamine 
derived from chitin was used to treat ovariectomized Sprague Dawley rats. These rats had a higher ash fraction in 
their bone and higher maximum  load38. Fish oil supplementation has been found to prevent a loss in BV/TV in 
the vertebrae with age in female C57BL/6 J  mice30. It should be noted that in that study, all dietary fat was from 
fish oil, which constituted 22% of the diet composition. This is significantly higher than what would be used in 
a supplement. The improvement was also dependent on mouse genetic  strain30. Overall, it appears that dietary 
supplements may improve bone quality only in cases where the bone quality has been previously decreased such 
as with estrogen loss or aging. These are also conditions in which inflammation increases and bound water may 
decrease, areas in which dietary supplements may be of more assistance.

Some limitations of this study should be noted. The method of delivery the supplements was used to reduce 
stress associated with gavage feeding. However, it also ensured that while the cage received an average dose as 
listed, there may have been variation in the dose each individual mouse received. The mice were observed to 
verify that all were eating the supplements in order to help control for this limitation. These animals were fed 
the supplements to mimic dietary supplementation, but adding more components to growing bone may work 
better by injection due to loss in the gut. The dosage in this study was determined by using the BSA formula. This 
technique does have its drawbacks as it does not take into differences in murine metabolism as discussed more 
in depth  elsewhere39, but the lack of pharmacokinetic data for dietary supplements in mice prevented a more 
complex conversion. Human dosages were chosen based on typical amounts indicated for dietary supplements. 
These were chosen to be towards the high range in recommended amounts seen on various labels. The goal of 
this project was to determine whether dietary supplements would have any impact on bone quality, and dosages 
were chosen to be on the higher side to eliminate a possibility that low-dosage would affect the results. It should 
also be considered that mice were on a standard rodent chow, which is specifically designed to ensure that mice 
receive all their required nutrients. Humans do not always have balanced diets, and thus, supplements may be 
more helpful to individuals who are not achieving the recommended nutrients through diet. Lastly, mice were 
fed standard rodent chow ad libitum, and supplemented groups were not restricted in their diet to control for 
differences in caloric intake.

Figure 2.  Fracture toughness parameters of tibiae of critical stress factors (A) initial energy, (B) instability 
energy, and (C) max energy. Overall ordinary one way ANOVA or Kruskal Wallis p values are given above 
graphs.
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Conclusion
Dietary supplements did not improve bone quality in growing, healthy female mice. There were subtle structural 
differences in the bone, which could be detrimental. These did not result in changes in the structural mechanical 
properties of bone, and in this study, the only material-level change to the mechanical properties of bone was 
a lower elastic modulus in glucosamine and fish oil-treated mice. Dietary supplements may be more beneficial 
in individuals without a balanced diet or in those with an increased risk of fracture, such as those experiencing 
estrogen loss.

Figure 3.  Compression testing of vertebrae. Schematic of compression fixtures with vertebrae (A), bone volume 
fraction of vertebral trabecular bone (B), peak force during compression (C), and peak force normalized to the 
bone volume fraction of vertebral trabecular bone (D). Overall ordinary one way ANOVA or Kruskal Wallis p 
values are given above graphs.

Table 4.  Structural and mechanical properties of the vertebrae. Asterisks indicate a significant difference 
when compared to control. All values are reported as average ± standard deviation. Overall ordinary one way 
ANOVA or Kruskal Wallis p values are reported.

Property Control (n = 10) Collagen (n = 10)
Chondroitin sulfate 
(n = 10) Fish oil (n = 10)

Glucosamine 
(n = 10) p value

Tb.N (1/mm) 3.70 ± 0.27 4.13 ± 0.61 3.93 ± 0.53 3.52 ± 0.20 3.83 ± 0.74 0.0553

Tb.Sp (mm) 0.221 ± 0.012 0.205 ± 0.024 0.211 ± 0.026 0.229 ± 0.015 0.217 ± 0.029 0.1732

Tb.Th (mm) 0.0653 ± 0.0015 0.0665 ± 0.0023 0.0651 ± 0.0019 0.0657 ± 0.0014 0.0644 ± 0.0023 0.1814

Tb.TMD (g/cm3 HA) 0.778 ± 0.009 0.782 ± 0.018 0.780 ± 0.013 0.781 ± 0.007 0.767 ± 0.015 0.0876

Stiffness (N/mm) 30.7 ± 8.2 31.4 ± 13.4 33.3 ± 12.7 35.4 ± 13.7 30.5 ± 14.4 0.9569
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Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.
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