
Reactive Oxygen Species on Bone Mineral Density and
Mechanics in Cu,Zn Superoxide Dismutase (Sod1) Knockout
Mice

Michael J. Smietana1, Ellen M. Arruda1,3,4, John A. Faulkner1,2, Susan V. Brooks1,2, and
Lisa M. Larkin1,2

1Biomedical Engineering, University of Michigan, 2025 BSRB, 109 Zina Pitcher Place, Ann Arbor,
MI, 48109-2200
2Molecular and Integrative Physiology, University of Michigan, 2025 BSRB, 109 Zina Pitcher
Place, Ann Arbor, MI, 48109-2200
3Mechanical Engineering, University of Michigan, 2250 GG Brown, 2350 Hayward, Ann Arbor, MI,
48109
4Program in Macromolecular Science and Engineering, University of Michigan, 2250 GG Brown,
2350 Hayward, Ann Arbor, MI, 48109

Abstract
Reactive oxygen species (ROS) play a role in a number of degenerative conditions including
osteoporosis. Mice deficient in Cu,Zn-superoxide dismutase (Sod1) (Sod1−/− mice) have elevated
oxidative stress and decreased muscle mass and strength compared to wild-type mice (WT) and
appear to have an accelerated muscular aging phenotype. Thus, Sod1−/− mice may be a good
model for evaluating the effects of free radical generation on diseases associated with aging. In
this experiment, we tested the hypothesis that the structural integrity of bone as measured by
bending stiffness (EI; N/mm2) and strength (MPa) is diminished in Sod1−/−compared to WT mice.
Femurs were obtained from male and female WT and Sod1−/− mice at 8 mo. of age and three-
point bending tests were used to determine bending stiffness and strength. Bones were also
analyzed for bone mineral density (BMD; mg/cc) using micro-computed tomography. Femurs
were approximately equal in length across all groups, and there were no significant differences in
BMD or EI with respect to gender in either genotype. Although male and female mice
demonstrated similar properties within each genotype, Sod1−/− mice exhibited lower BMD and EI
of femurs from both males and females compared with gender matched WT mice. Strength of
femurs was also lower in Sod1−/− mice compared to WT as well as between genders. These data
indicate that increased oxidative stress, due to the deficiency of Sod1 is associated with decreased
bone stiffness and strength and Sod1−/− mice may represent an appropriate model for studying
disease processes in aging bone.
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INTRODUCTION
Osteoporosis is a leading cause of fractures, especially among the elderly [1]. As the
population ages, morbidity, mortality and financial cost related to osteoporosis is expected
to rise [2]. Osteoporosis is characterized by reduced bone mass and diminished bone
integrity. Patients suffering from this degenerative disease experience a decrease in bone
strength and consequently greater vulnerability to fractures [3].

Measures of BMD are the gold standard for assessing fracture risk due to reduced bone mass
[3,15]. Dual-energy X-ray Absorptiometry (DEXA) is commonly used in clinical practice to
analyze BMD but is limited to measuring BMD based on area. In contrast, micro-computed
tomography (micro-CT) provides information on the volumetric BMD distribution and three
dimensional architecture of bone, making it a superior methodology to DEXA scanning
[13]. In addition to the amount of mineral and its spatial distribution, the ability of a bone to
resist fracture depends on the intrinsic material properties of the tissue [13,16]. The bone
remodeling process, specifically the balance between the formation and resorption of matrix
mineralization, mediates changes that can influence bone strength [6]. The resultant mineral
quantity and quality of bone matrix has been shown to correlate with bone strength [14].
Therefore, processes that impact bone remodeling can significantly influence bone’s
resistance to fracture.

Reactive oxygen species (ROS) are considered to be a factor in the onset of a number of
age-associated conditions [4,7]. Approximately 3 to 10% of the oxygen utilized by tissues is
converted to ROS intermediates, including superoxide radicals (O2-). Superoxide radicals
impair cell and tissue function by oxidizing and degrading biologically important molecules,
including proteins, lipids, and DNA [9]. Recently, it has been suggested that under normal
physiological conditions, ROS produced by osteoclasts stimulates and facilitates resorption
of bone tissue [17,19]. When the production of ROS overwhelms the natural antioxidant
defense mechanisms, the associated oxidant stress may lead to extensive bone loss and
skeletal fragility, characteristic of osteoporosis [5,7,8].

Cu,Zn-superoxide dismutase (Sod1) binds copper and zinc ion cofactors and is one of three
Sod1 isozymes located primarily in the cytosol. Sod1 is important in the defense against
oxidative stress in tissue and acts by catalyzing the conversion of superoxide radicals (O2-)
to hydrogen peroxide, which can then be further reduced to water [10,11]. Mice deficient in
Sod1 (Sod1−/− mice) display elevated oxidative stress, decreased body mass, decreased
musculoskeletal mass, and decreased whole muscle strength compared to wild-type mice
(WT) [9,20]. Decreases in body mass, muscle mass and muscle strength are also observed
with aging, and as a result, Sod1−/− mice are considered by some to be a good model to
study the role of oxidative stress in the aging of the musculoskeletal system. The purpose of
the current study was to determine whether the deficiency of Sod1 leads to premature aging
and osteoporotic bone fragility. We hypothesized that bending stiffness (EI; N/mm2) and
BMD (mg/cc) for bones of the Sod1−/− mice would be diminished compared to the WT
mice. This degenerative phenotype may lead to osteoporosis-related premature bone fragility
in this animal model.
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MATERIALS AND METHODS
Animals

These studies were performed using WT and Sod1−/− mice. Male and female mice, 8 mo of
age, were obtained from Dr. Holly Van Remmen at the University of Texas Health Science
Center at San Antonio. All mice were housed in a specific pathogen free facility at
University of Texas Health Science Center at San Antonio prior to their arrival at the
University of Michigan. At the University of Michigan, the mice again were maintained
under barrier conditions in a temperature-controlled environment and fed a commercial
mouse chow (Teklad diet LM485) ad libitum. Mice were housed in our facility a minimum
of two weeks prior to any procedures. Animal housing, operations, and subsequent animal
care were carried out in accordance with the guidelines of the Unit for Laboratory Animal
Medicine at the University of Michigan. Mice were anesthetized with pentobarbitone
sodium with an initial dose of 65 mg/100 g of body mass via an intraperitoneal injection.
Mice were euthanized by an overdose of the anesthetic and femurs were subsequently
harvested from both male and female WT and Sod1−/− mice, by surgically dissecting away
the surrounding muscle and tendon. The femurs were stored at 4°C in Dulbecco's Phosphate
Buffered Saline (DPBS, Gibco BRL) until testing. All animal care and animal surgeries
were in accordance with the Guide for Care and Use of Laboratory Animals (Public Health
Service, 19965, NIH Publication No. 85-23).

Micro-Computed Tomography Testing
Samples were scanned for BMD (mg/cc) and bone mineral content (BMC; mg) using Micro
Computed Tomography (GE Healthcare) and analyzed using commercially available
software (MicroView 2.2 Advanced Bone Analysis). In addition to mineralization, total
bone volume was measured from the three dimensional images of the scanned bones.
Cortical bone was analyzed by standardizing a region of interest spanning 18% of the length
of the bone, placed in the mid-diaphysis. A consistent threshold was used for each image to
distinguish between cortical and trabecular bone in our samples. Choosing a standardized
cortical region and threshold ensured a homogeneous representation of cortical bone from
which the cross-sectional area could be determined for use in our mechanical analyses.
BMD was also determined in this cortical section to compare regional differences between
cortical bone and total bone densities. Statistical analysis was performed using a two-way
anova test.

Three-Point Bending Testing
Three-point bending testing was performed using Dynamic Mechanical Analyzer (DMA)
(RSA III, TA Instruments, New Castle, DE) to determine the bending stiffness (EI; N/mm2)
and maximum elastic stress, defined as strength (MPa) of the bone samples. The bone was
positioned horizontally with the anterior surface upward and centered between two supports
10 mm apart. A compression load at rate of 1 mm/sec was applied at mid-diaphysis until
failure occurred.

The elastic portion of the load vs. displacement curve was collected. The displacement
measured by the DMA is the midpoint deflection (δ) of the bone in bending. This deflection

is related to the load in three-point bending of a long, slender beam via  where P is
the load response, L = 10 mm is the distance between the two supports, E is the Young’s
modulus (MPa) of the material, I is the moment of inertia about the neutral bending axis
(mm4) and EI is the bending stiffness [34]. The bones used in the three-point bending
experiments had an insufficient aspect ratio (length to diameter) for this elementary beam
theory to be strictly valid; application of the precise theory in this case requires independent
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measurement of the shear modulus of the bone, and neglecting this correction amounts to
approximately a 5% overprediction of EI [35]. The bending stiffness of the bone specimens

is the slope of a plot of  (ordinate) vs. δ (abcissa). Statistical analysis was performed
using a two-way anova test.

RESULTS
Micro-Computed Tomography

MicroCT and mechanical analysis was preformed on WT and Sod1−/− mice. Negligible
differences in femur length were observed between Sod1−/− mice and WT. Significant
differences in BMC and total bone volume were observed between genotype and gender
(Fig.1A and 1B). BMC was 10%–20% lower for bones of female compared with male mice,
and ~25% lower for bones of Sod1−/− compared with WT mice with no effect of gender on
the impact of the Sod1 deficiency. The effects of genotype and gender on total bone volume
were similar to those observed for BMC, with bones of female mice displaying 10%–20%
smaller volumes than bones of male mice and the deficiency of Sod1 resulting in 20%–30%
reductions in volume. Normalizing the mineral content to bone volume resulted in a small
but significant decrease in BMD with respect to genotype (Fig.1C). Femurs of Sod1−/− mice
showed approximately 4 percent lower BMD than those of WT mice, and negligible gender
differences were observed. BMD in the cortical region was more severely affected by the
Sod1 deficiency with values for femurs of Sod1−/− mice approximately 14 percent less than
those of WT mice (Fig.2A). The cortical cross sectional area was also diminished in femurs
of Sod1−/− mice femurs, consistent with a reduction in total bone size (Fig.2B).

Three-Point Bending
Three point bending analysis showed ~20% lower bone stiffness for Sod1−/− compared with
WT mice with no effect of gender (Fig.3A). Strength of the bone was also diminished by
Sod1 deficiency by ~30% (Fig.3B). Although strength of bones from female mice showed
lower values than bones of male mice, the effect of the Sod1 deficiency on bone strength
was similar for male and female mice.

DISCUSSION
In this study, we investigated the effect that decreasing total body anti-oxidant defenses,
through the knockout of Sod1, has on bone fragility. For mice in which the endogenous
antioxidant systems were diminished, we observed decreased total and cortical BMD, BMC
and bone volume [26,36]. These results are consistent with previous reports of decreased
BMD of Sod1−/− mice [10]. While BMD is the current clinical gold standard for analyzing
reductions in bone mass and diagnosing osteoporosis, mechanical parameters are required to
accurately investigate fragility [27]. Our finding of lower values for strength and bending
stiffness of Sod1−/− mice femurs, compared to those of gender matched WT mice, are
consistent with the detrimental effects observed for the morphological and structural
properties of the Sod1 deficient bones.

Decreases in bone strength are reported to be associated with alterations in the amount of
calcified matrix and its composition [18]. Our observation of genotypic differences in
cortical BMD where the load is applied, correlate with decreases in overall strength.
Bending stiffness has been reported to be dependent on both the mineral distribution within
the bone as well as the area over which the load is applied during the test [32,24]. Decreases
in mineral density and cross-sectional area observed in Sod1−/− versus WT mice correlate to
decreases in stiffness.
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Evidence for increased levels of oxidative stress and damage in aging organisms are a result
of increased generation of ROS coupled with decreased ability to detoxify ROS [21]. ROS
have been proposed to be causative in aging overall and more recently, involved in the
incidence and severity of osteoporosis [21–23]. Recent evidence suggests that ROS are
involved in bone resorption, with a direct contribution of osteoclast-generated superoxide to
bone degradation [12,28,31]. In addition, superoxide has been reported to specifically
stimulate osteoclast formation within bones of rodents [33]. While the exact mechanism by
which ROS accelerates bone resorption is still unclear, ineffective neutralization of ROS
leading to oxidative stress in bone can increase bone loss and bone weakness, typical of
osteoporosis [25,29,30].

The influence of ROS in this animal model suggests that this degenerative bone phenotype
may be associated with age related skeletal fragility, and early onset of osteoporosis related
bone weakness. Further work investigating micro-architecture, porosity, as well as matrix
composition may provide a better understanding and assess the mechanism ROS plays in
bone remodeling.
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Fig. 1.
Total Bone MicroCT. (A) BMC (mg), (B) Total Bone Volume (mm3), (C) BMD (mg/cc) of
femurs extracted from male and female wild-type and Sod1−/− C57BI6 mice. Values are
means ± SD. * Significant difference in wild-type vs. Sod1−/− bones P < 0.05. # Significant
difference in male vs. female mice, P < 0.05.
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Fig. 2.
Cortical MicroCT. (A) Cortical BMD (mg/cc), (B) Cross Sectional Area (mm3) of femurs
extracted from male and female wild-type and Sod1−/− C57BI6 mice. Values are means ±
SD. * Significant difference in wild-type vs. Sod1−/− bones P < 0.05.
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Fig. 3.
Bone Mechanics. (A) Bending Stiffness (N/mm2), (B) Peak Strength (MPa) of femurs
extracted from male and female wild-type and Sod1−/− C57BI6 mice. Values are means ±
SD. * Significant difference in wild-type vs. Sod1−/− bones P < 0.05. # Significant
difference in male vs. female mice, P < 0.05.
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