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Abstract

Summary—Mice with osteogenesis imperfecta (+/oim), a disorder of bone fragility, were bred to 

mice with muscle over growth to test whether increasing muscle mass genetically would improve 

bone quality and strength. The results demonstrate that femora from mice carrying both mutations 

have greater mechanical integrity than their +/oim littermates.

Introduction—Osteogenesis imperfecta is a heritable connective tissue disorder due primarily to 

mutations in the type I collagen genes resulting in skeletal deformity and fragility. Currently, there 

is no cure, and therapeutic strategies encompass the use of antiresorptive pharmaceuticals and 

surgical bracing, with limited success and significant potential for adverse effects. Bone, a 

mechanosensing organ, can respond to high mechanical loads by increasing new bone formation 

and altering bone geometry to withstand increased forces. Skeletal muscle is a major source of 

physiological loading on bone, and bone strength is proportional to muscle mass.

Methods—To test the hypothesis that congenic increases in muscle mass in the osteogenesis 

imperfecta murine model mouse (oim) will improve their compromised bone quality and strength, 

heterozygous (+/oim) mice were bred to mice deficient in myostatin (+/mstn), a negative regulator 
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of muscle growth. The resulting adult offspring were evaluated for hindlimb muscle mass, and 

bone microarchitecture, physiochemistry, and biomechanical integrity.

Results—+/oim mice deficient in myostatin (+/mstn +/oim) were generated and demonstrated 

that myostatin deficiency increased body weight, muscle mass, and biomechanical strength in +/

mstn +/oim mice as compared to +/oim mice. Additionally, myostatin deficiency altered the 

physiochemical properties of the +/oim bone but did not alter bone remodeling.

Conclusions—Myostatin deficiency partially improved the reduced femoral bone biomechanical 

strength of adult +/oim mice by increasing muscle mass with concomitant improvements in bone 

microarchitecture and physiochemical properties.
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Introduction

Osteogenesis imperfecta (OI) is a genetically and clinically heterogeneous heritable 

connective tissue disorder characterized by anomalies in type I collagen-containing tissues 

such as bone [1, 2]. The major structural protein comprising the organic component of bone 

is type I collagen. More than 1000 distinct OI-causing mutations have been identified with 

90 % of OI causing mutations in one of the two procollagen genes, COL1A1 and COL1A2 

[1, 2]. Individuals with OI exhibit a broad range of clinical outcomes and manifestations 

including osteopenia with fractures, skeletal deformities, short stature, and skeletal muscle 

weakness [1–3]. The osteogenesis imperfecta murine model (oim/oim) mice are 

homozygous for a functional null mutation in the Col1a2 gene of type I collagen [4]. Oim/

oim mice have a similar phenotype to human patients with moderately severe OI, including 

reduced bone biomechanical integrity and bone mineral density as well as altered bone 

mineral composition and inherent skeletal muscle weakness [4–7]. The heterozygous (+/

oim) mice carry a single mutant Col1a2 allele and synthesize both homotrimeric and 

heterotrimeric type I collagen. +/oim mice model the milder clinical severity of human type 

I OI individuals. While fractures are less frequent in +/oim mice compared to homozygous 

oim/oim mice, the +/oim mice still exhibit altered midshaft geometry, decreased 

biomechanical strength, collagen content, crystallinity, and crack-initiation toughness when 

compared to wild-type (Wt) littermates, though to a lesser degree than oim/oim [6, 8–10]. 

Current treatment strategies for OI patients primarily target symptoms, not the underlying 

cause of the disease, and are limited to pharmacologic use of antiresorptive drugs and 

surgical interventions to brace the bone. Both approaches have limited success and 

significant concerns due to frequency of failure and potential side effects of long-term use 

[2].

The skeleton is a mechanosensing organ, responding and adapting to its mechanical 

environment [11, 12]. Bone formation occurs in response to high mechanical loads, often 

changing the geometry to strengthen the skeleton [11–14]. Some of the largest physiological 

loads bones experience are from muscle, with bone strength proportional to muscle mass 

[12]. We postulated that although the OI bone material is bio-mechanically weaker, the bone 
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will be able to respond to increased muscle mass, especially during pubertal growth, by 

altering bone geometry, architecture, material properties, and/or mass to generate an 

inherently stronger bone.

Myostatin is a negative regulator of muscle growth and a transforming growth factor-beta 

(TGF-β) family member. In homozygous myostatin mice (mstn/mstn), myostatin is 

developmentally absent, and the result is significantly greater muscle mass due to muscle 

hyperplasia and hypertrophy [15, 16]. Heterozygous (+/mstn) mice have an intermediate 

phenotype as compared to Wt and mstn/mstn, suggesting a dose effect of the myostatin 

protein [17]. Partial myostatin inhibition as seen in +/mstn mice and in whippet dogs 

heterozygous for a myostatin mutation results in increased muscle size and function with 

minimal lesions [17, 18]. In addition to the increased muscle mass, mstn/mstn mice exhibit 

altered bone geometry [19] and display a concomitant increase in bone strength [14].

We hypothesized that although oim muscle and bone are compromised, a reduction in 

myostatin protein levels during fetal development and throughout life would increase muscle 

mass and mechanical load in +/oim mice causing the bone to respond by altering bone 

geometry, microarchitecture, physiochemical properties, and/or mass to generate an 

inherently stronger bone and attenuate the bone phenotype of +/oim mice. Our findings 

demonstrate that partial myostatin deficiency (+/mstn) results in increased muscle mass and 

moderate improvements in femoral bone quality and strength in +/oim mice by primarily 

impacting the bone microarchitecture and physiochemical composition rather than cortical 

bone geometry.

Materials and methods

Animals

To determine the impact of myostatin deficiency in the presence of the +/oim mutation, both 

mouse models, mstn and oim, were bred and maintained on a congenic C57BL/6J (Jackson 

Laboratory, Bar Harbor, Maine) background to control for potential modifier gene effects. 

Mice were housed in an AAALAC accredited facility at the University of Missouri-

Columbia and had ad libitum access to water and food (Purina 5008 Formulab Diet; Purina 

Mills Inc., St Louis, MO). The protocols used for this study were performed under an 

approved University of Missouri Animal Care and Use Protocol. Dams heterozygous for 

myostatin deficiency (+/mstn) were bred to sires heterozygous for the oim mutation (+/oim) 

(Fig. 1A). The offspring were raised to 4 months of age (peak bone mineral density [20]), 

sacrificed, and their serum, hindlimb muscles, tibiae, and femora harvested for analyses.

Tissue harvest

Left hindlimb muscles (soleus, plantaris, gastrocnemius, tibialis anterior, and quadriceps) 

were removed, cleaned of extraneous tissue, blotted, and weighed. Femora and tibiae were 

excised, the soft tissue removed, and the bones wrapped in sterile gauze soaked in sterile 1× 

phosphate-buffered saline (PBS) prior to storage at −20 ° C.
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Tibial microarchitecture analyses

Prior to analyses by Raman spectroscopy, the macroarchitecture and microarchitecture of the 

left tibiae were determined by microcomputed tomography (μCT) with the vivaCT 40 

(Scanco Medical AG, Bassersdorf, Switzerland) as previously described [9] using 55-kVp 

X-ray tube potential, 145-μA current, 10-μm voxel resolution, and 200-ms integration time 

to assess cortical bone and trabecular bone properties. By hydroxyapatite calibration, the 

voxel values were converted to a mineral-equivalent value, milligrams per cubic centimeter 

(mg/cm3). Three-dimensional images of the tibiae were reconstructed along the long axis 

with series of 10-μm-thick slices, using a global threshold of 253 (μCT gray value). For each 

tibia, the proximal metaphysic trabecular bone was analyzed 1 mm below the growth plate, 

while the cortical bone was evaluated at the mid-shaft starting 1 mm above fibula-tibia 

junction.

Femoral μCT and torsional loading to failure

The geometric parameters of the right femora were determined by μCT analyses (MicroCAT 

II, Siemens Medical), and the image slices reconstructed using the Amira 5.3.3 software 

package (Mercury Computer Systems/TGS, Chelmsford, MA) to give a cubic voxel 

dimension of 0.083 mm3 as previously described [21]. Each femora was then subjected to 

torsional loading to failure analyses to determine the mechanical properties of the whole 

bone and the bone material using the TA-HDi testing machine (Stable Micro Systems, 

Surrey, UK) as previously described [21]. Applied torque T (Nmm) was determined and 

evaluated as a function of relative angular displacement θ (degrees) (Fig. 1B). Torsional 

ultimate strength (Tmax, Nmm), strain energy to failure (U, Nmm), and stiffness (torsional 

stiffness, Nmm/rad) are whole bone parameters reflecting the contributions of both the bone 

geometry and the bone material properties. The bone material properties, tensile strength 

(Su, N/mm2), and shear modulus of elasticity (N/mm2) are independent of bone size and 

shape [21].

Bone mineral and matrix composition

Left tibial cortical bone cross sections were evaluated by Raman spectroscopy using a 

LabRam HR 800 Raman spectrometer (Horiba JobinYvon, Edison, NJ). Average bone 

biochemical composition was determined from Raman spectra (700- to 1800-cm−1 range) 

that were excited by a helium-neon laser (633 nm) with a 20× water immersion objective as 

previously described [9], allowing acquisition of peaks attributed to the bone minerals and 

proteins. Each tibia was examined at 4 points from anterior, posterior, medial, and lateral 

cross section and the data averaged for each sample. Spectral analyses were performed to 

measure the area of hydroxyapatite phosphate (ν1 PO4
3−; 960 cm−1), carbonate (type B ν1 

CO3
2−; 1070 cm−1), matrix (CH2; 1450 cm−1), and collagen (amide I; 1640 cm−1) bands [9]. 

Assessed were as follows: (1) the phosphate/CH2 ratio, which increases with increasing 

bone mineral content; (2) the phosphate/carbonate, which decreases with increasing bone 

age; and (3) the PO4/amide I ratio, which represents the bone mineral to collagen ratio [22].

To quantitate bone collagen, the left femora were weighed and the collagen content 

determined indirectly by quantitation of hydroxyproline content (μg/g bone) as described by 

Stegemann and Stalder [23].
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Serum biomarkers of collagen synthesis and degradation

At the time of sacrifice, blood was collected by exsanguination and the serum separated by 

centrifugation at 14,000 rpm for 15 min and stored at −80 °C until assayed. Serum levels of 

N-terminal propeptide of type I procollagen (PINP), a biomarker of collagen synthesis, and 

C-terminal cross-linked telopeptide of type I collagen (CTX), a biomarker of collagen 

degradation, were quantitated using the commercially available enzyme immunoassay kits, 

the Rat/Mouse PINP EIA kit (AC-33F1) and the RatLaps™ EIA kit (AC-06F1) by 

Immunodiagnostics Systems (Scottsdale, Arizona), respectively. Samples and standards 

were assayed in duplicate following the manufacturer’s specifications except that the 

microplate was placed on a shaker at 400 rpm rather than the suggested 500–700 rpm. The 

samples and standards were measured at A450 and A650 using the BioTek Synergy 2 Multi-

Mode Reader and Gen5™ Data Analysis Software v2.00.17 (Winooski, Vermont). A 

standard curve was generated by plotting the absorbance and concentration values of the 

standards using a four parameter logistic curve-fit.

Statistical analysis

Statistical analyses were performed using SAS (SAS Institute Inc., Cary, NC). Data were 

analyzed as a 4×2 factorial arrangement [4 genotypes and 2 sexes]. Specifically, the body, 

muscle, and relative muscle weights were evaluated by analysis of variance, and the bone 

geometric and biomechanical parameters, hydroxyproline content, and Raman spectroscopy 

physiochemical ratios, as well as the serum PINP and CTX data, were evaluated by analysis 

of covariance with body weight as the covariate. Genotype and sex interactions and the 

genotype and sex main effects were evaluated. Genotype and sex interactions were 

significant for only two of the parameters evaluated, the tibial trabecular thickness and 

separation. Body, muscle and relative muscle weights, and bone geometric and 

biomechanical parameters, hydroxyproline content, serum biomarkers, and physiochemical 

ratios all exhibited a main genotype effect, allowing pooling of male and female values. The 

main genotype effect values for the parameters are presented as the LSmeans±SE. When 

heterogeneous variations made it necessary, a log transformation was used to stabilize the 

variation. If the log transformation failed to stabilize the variation, a nonparametric ranked 

analysis was performed according to Conover et al. [25]. Mean differences were determined 

using Fisher’s protected least significant difference (LSD) (24). Differences were considered 

to be significant at p≤0.05.

Results

Body and muscle weights

To assess the effect of the myostatin deficiency on the body and hindlimb muscle weights of 

+/oim mice, Wt, +/mstn, +/mstn +/oim, and +/oim mice were sacrificed, weighed, and their 

muscles harvested. Wt, +/mstn, and +/mstn +/oim mice weighed more than +/oim mice, with 

+/mstn +/oim mice weighing 11 % more than their +/oim littermates. +/mstn and +/mstn +/

oim mice had greater muscle weights for all five hindlimb muscles relative to their Wt and 

+/oim littermates (Table 1). Even when muscle weight was normalized to the body weight, 

the relative muscle weights of +/mstn mice remained greater than Wt, while the +/oim mice 

relative muscle weights were not significantly different from Wt mice. The relative muscle 
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weights of +/mstn and +/mstn +/oim were equivalent, and +/mstn +/oim relative muscle 

weights were also greater than Wt, reaching significance for the plantaris and tibialis 

anterior muscles.

Tibial microarchitecture

Wt, +/mstn, +/mstn +/oim, and +/oim mouse tibiae were evaluated by μCT analyses and 

demonstrated that +/mstn tibiae had increased trabecular bone volume fraction (BV/TV), 

trabecular number, and connectivity density, along with decreased trabecular density, 

structure model index (SMI), and cortical density compared to Wt tibiae (Table 2). The 

deficiency of myostatin in the +/mstn +/oim tibia decreased trabecular and cortical bone 

densities and increased connectivity density of the +/oim bone. Myostatin deficiency 

improved the +/oim bone so that trabecular number and connectivity density in the +/mstn +/

oim bone were no longer different from Wt (Table 2). Analysis of the trabecular thickness 

and trabecular separation revealed a sex and genotype interaction, indicating that males and 

females responded differently to myostatin deficiency. Myostatin deficiency increased 

trabecular thickness in male +/mstn and +/mstn +/oim tibiae relative to Wt and +/oim but did 

not impact female tibial trabecular thickness (Table 2). Trabecular separation was decreased 

by 8 % in female +/mstn +/oim tibiae compared to female +/oim tibiae, and by 5 % in male 

+/mstn +/oim tibiae compared to male +/oim, although it did not reach significance in males 

(Table 2).

Femoral geometry

The femoral geometry of male and female Wt, +/mstn, +/mstn +/oim, and +/oim mice was 

also assessed by μCT analyses prior to torsional loading to failure. Femoral length and 

cortical bone width were equivalent across all genotypes. Cortical bone measurements at the 

midshaft slice were used to calculate polar moment of inertia, a geometric parameter which 

predicts an object’s ability to resist torsion; the greater the polar moment of inertia, the 

greater the predicted resistance to torque. Wt and +/mstn femora had equivalent polar 

moment of inertia and marrow cavity diameters, which were greater than the polar moment 

of inertia and marrow cavity diameters of the +/mstn +/oim and +/oim femora. Femora from 

+/mstn +/oim and +/oim mice did not exhibit differences in femoral geometry for all the 

parameters tested (Table 3).

Femoral biomechanics

To evaluate bone biomechanical integrity, femora from Wt, +/mstn, +/mstn +/oim, and +/

oim mice were analyzed by torsional loading to failure [21]. The torsional ultimate strength 

(Tmax), a whole bone property measuring the maximum force required to break the bone, of 

+/mstn +/oim femora displayed a 25 % improvement relative to +/oim femora although the 

improvement did not reach significance (Fig. 1C). The decreased levels of myostatin in the 

+/mstn +/oim mouse improved the tensile strength, a measure of the bone material, by 22 %, 

and although the difference did not reach significance, the improvement increased +/mstn +/

oim tensile strength to that of Wt femora (Fig. 1D). The whole bone parameter, energy to 

failure had increased 63 % in the +/mstn +/oim compared to +/oim mouse femora and was 

now equivalent to both Wt and+/mstn femora (Fig. 1E), further suggesting that myostatin 

deficiency in the +/mstn +/oim enabled the bone to absorb more energy before fracturing. 
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The femoral stiffness of +/mstn +/oim and +/oim mice was equivalent (Fig. 1F), and the 

shear modulus of elasticity of the femora, the measure of the stiffness of the bone material, 

was equivalent among femora from all genotypes examined (Fig. 1G).

Mineral-matrix interactions and collagen content

Bone is composed of an organic component, primarily type I collagen, and a mineral 

component, hydroxyapatite crystals. The ability of bone to resist fracture depends on bone 

mass and geometry as well as the intrinsic physiochemical properties and microarchitecture 

of the bone material. To investigate the composition and quality of the bone material, we 

examined the mineral and matrix composition using Raman spectroscopy (Fig. 2). Genotype 

differences were not observed in PO4/CO3 (phosphate to carbonate) ratios among Wt, +/

mstn, +/mstn +/oim, and +/oim tibiae (Fig. 2A). Tibiae from +/mstn +/oim and +/oim had 

equivalent PO4/CH2 (mineral to protein) ratios, which were both increased by 12 % 

compared to Wt and +/mstn tibiae (Fig. 2B). The PO4/amide I (mineral to collagen) ratio of 

+/oim tibiae was greater than the PO4/amide I ratio of Wt tibiae (Fig. 2C). The presence of 

the myostatin mutation in the +/mstn +/oim reduced the PO4/amide I ratio compared to +/

oim tibiae, making the PO4/amide I ratio of +/mstn +/oim tibiae equivalent to tibiae of Wt 

littermates (Fig. 2C).

To evaluate if the increased PO4/CH2 and PO4/amide I ratios in +/oim bone reflects 

decreases in the organic component, collagen, or increases in mineral component, 

hydroxyapatite, we examined collagen content indirectly by quantification of the 

hydroxyproline content (Fig. 2D). Wt and +/mstn femora had equivalent hydroxyproline 

levels. Femora from both +/mstn +/oim and +/oim contained 10 and 16 % less 

hydroxyproline per bone weight than Wt femora, respectively, suggesting that myostatin 

deficiency did not significantly alter femoral collagen content of the femora (Fig. 2D).

Biochemical markers of bone remodeling

To begin to discern if differences in Wt, +/mstn, +/mstn +/oim, and +/oim bone material and 

physiochemical properties were associated with changes in bone remodeling, serum 

biochemical markers of bone turnover were evaluated [24]. Serum PINP (a marker of bone 

formation) concentrations were similar in mice from all genotypes examined, suggesting 

that myostatin deficiency did not significantly impact bone formation (Fig. 3A). Serum CTX 

(a marker of bone resorption) concentrations indicated that +/mstn +/oim and +/oim mice 

had similar levels of serum CTX, which were approximately 6-fold greater than serum CTX 

levels in Wt and +/mstn mice (Fig. 3B). While myostatin deficiency increased CTX levels in 

the +/mstn mice compared to Wt (Fig. 3B), the elevated serum CTX levels in +/mstn +/oim 
suggest that myostatin deficiency was not able to attenuate the elevated osteoclast activity 

present in the +/oim mouse.

Discussion

Our findings demonstrated that myostatin deficiency throughout development and 

maturation in the +/oim mouse resulted in increased body and muscle weights, with a 

concomitant enhancement of bone physiochemical properties and strength in the +/oim 
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mouse. Myostatin deficiency was anticipated to increase +/oim body weight and muscle 

mass of each of the hindlimb muscles tested, as was previously seen in myostatin deficient 

and knockout mice [16, 17, 25]. We demonstrate that the increased hindlimb muscle mass 

persists in the presence of the oim mutation. The increase in muscle mass corresponded to 

increases in trabecular microarchitecture, femoral strength, and modest alterations in the 

bone physiochemical properties. Yet, the increase in muscle mass in +/mstn +/oim mice did 

not translate into significant changes in midshaft bone geometry. This was consistent with 

observations that mstn/mstn mice exhibit long bone changes that are primarily localized to 

the sites of muscle insertion, and the impact of heterozygosity (+/mstn) at the mstn locus on 

bone appears more subtle [19, 26].

To determine if the observed improvements in the bone of +/mstn +/oim mice were due to 

their increased body size relative to the +/oim littermates, we analyzed our data using an 

analysis of covariance, with body weight as the covariate. Our analyses indicated that the 

improvements in tibial microarchitecture, geometry, and biomechanical strength seen in +/

mstn +/oim mice could not be accounted for simply by the increase in body weight of +/

mstn +/oim mice relative to +/oim mice. Our analysis also indicated that body mass 

differences did not account for the main sex effect which was evident for nearly all the 

parameters evaluated (data not shown).

Tibiae from +/mstn +/oim mice showed modest changes in microarchitecture compared to +/

oim mouse tibiae, including increases in trabecular number and connectivity densities. The 

decreases in +/mstn +/oim bone densities suggest that myostatin deficiency either decreased 

mineral acquisition or increased collagen deposition in the +/oim mouse bone, with the 

decreased density hypothesized to reduce brittleness. We did not see an increase in the 

cortical bone width in +/mstn femora, as had been previously reported in mstn/mstn mice 

[27], which may reflect a dose effect of partial (heterozygous) myostatin deficiency versus 

complete (homozygous) absence of myostatin. The hydroxyproline content of the +/mstn +/

oim bone was 7 % greater than the +/oim bone; although this increase did not reach 

significance, it may contribute partially to the +/mstn +/oim bone having decreased PO4/

amide I ratios and increased tensile strength relative to +/oim bone.

Increased +/mstn +/oim femoral energy to failure demonstrated that myostatin deficiency 

was able to enhance +/oim femoral biomechanical integrity such that the +/mstn +/oim 
femora were no longer significantly weaker than Wt femora, thus demonstrating that 

myostatin deficiency partially rescued the +/oim bone phenotype. The femoral torsional 

ultimate strength, Tmax, was also increased in +/mstn +/oim mice compared to their +/oim 
littermates, though this trend (p=0.098) did not reach significance. These data demonstrated 

that the femora of +/oim mice exhibit improvements in bone biomechanical integrity when 

the mice were deficient in myostatin throughout their lifetime.

Evaluation of serum markers of bone turnover indicated that bone resorption was increased 

in mice with the +/oim mutation without significant impact on bone formation and that this 

difference remains despite the presence of the +/mstn mutation. The increase in serum CTX 

associated with +/oim and +/mstn +/oim is consistent with studies demonstrating that oim/

oim mice have increased osteoclast numbers and resorptive activity [28], as well as with the 
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findings in other mouse models of OI, Brtl [29] and Col1a1Jrt/+ [30]. In vitro studies 

suggested that oim/oim mice have impaired osteogenesis and failure to reach the terminal 

stage of maturation [31]. Mesenchymal stem cells from the Brtl OI mouse model (glycine to 

cysteine substitution in the Col1a1 gene) also exhibited reduced osteogenic potential, which 

was attributed in part to autophagy activation [32]. The serum PINP findings suggest that 

myostatin deficiency did not appear to alter bone formation. The impact of myostatin 

deficiency on osteoblast maturation and differentiation remains to be further elucidated.

The impact of myostatin deficiency on the bone biomechanical and physiochemical 

properties suggests that myostatin levels may also alter the bone matrix and potentially its 

architectural organization rather than simply altering bone shape. In a previous study, we 

demonstrated by Raman spectroscopy that there were no sex-related differences in PO4/CO3, 

PO4/CH2, and PO4/amide I ratios between Wt, +/oim, and oim/oim tibias, but that there 

were significant genotype-related differences [9]. Oim/oim bone was found to have 

significantly higher PO4/CO3 and PO4/CH2 ratio relative to Wt bone, with +/oim bone 

having intermediate values [9]. Tibiae from +/mstn +/oim and +/oim maintained PO4/CH2 

ratios greater than those from Wt (Fig. 2B) suggesting that the skeletal mineral to protein 

ratio is more strongly impacted by the collagen status than myostatin levels. The PO4/CO3 

ratio changes as the bone tissue ages, with the PO4/CO3 ratio decreasing with increasing 

age. Previous studies suggested that the oim/oim tibial mineralized matrix had not matured 

to the same extent as their age-matched Wt littermates [9]. The increased PO4/CH2, mineral 

to matrix ratios, in oim mice has been attributed to reduced collagen content and 

hypermineralization. Hypermineralization in the oim mouse and in other mouse models of 

OI has previously been reported [6, 21, 33, 34] and correlated to increased brittleness [9, 32, 

33]. Tibiae from +/mstn +/oim mice showed a decrease in cortical and trabecular bone 

densities (Table 2) compared to +/oim, which was consistent with myostatin deficiency 

resulting in decreased PO4/amide I ratios.

While it is well established that bone and muscle are functionally dependent upon the shared 

forces of the mechanostat unit, our growing knowledge of the musculoskeletal system has 

led us to the understanding that both bone and muscle can interact through secreted factors 

as well. A growing amount of data suggests that muscle and bone can signal in a paracrine 

and endocrine fashion through secreted factors such as myokines and osteokines (for review 

[35]). Myostatin is a growth factor produced primarily by muscle, secreted into the 

circulation, and is a candidate for bone-muscle crosstalk as it has been shown to decrease 

osteogenic differentiation of bone marrow-derived mesenchymal stem cells [36]. Myostatin 

has also been shown to be localized to sites of musculoskeletal injury [37], and the loss or 

inhibition of myostatin is known to have an osteogenic effect [36] and improve fracture 

healing [38] in mouse models. While it is likely that the deficiency of myostatin in an OI 

mouse model may be working to improve the bone by increasing muscle size and the 

mechanical stimuli the bone is exposed to, it is also reasonable to speculate that the decrease 

of myostatin may also have a direct osteogenic effect. Although serum PINP and CTX 

markers of bone remodeling were not altered by myostatin deficiency in the OI mouse, 

additional histomorphometric analyses to examine osteoblast number and activity, as well as 

expression studies to evaluate potential myostatin target genes and intracellular signaling 
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pathways, are necessary to begin to elucidate the mechanism by which myostatin impacts OI 

bone.

From these results, one might postulate that complete absence of myostatin (mstn/mstn) in 

homozygous oim/oim mice would exhibit a dramatic positive response in muscle and bone. 

Myostatin is a member of the TGF-β superfamily of growth regulators, and TGF-β is a 

known positive regulator of collagen and has been implicated in fibrosis [39–41]. Myostatin 

has been shown to directly affect skeletal muscle fibrosis by inducing muscle fibroblast 

proliferation [42]. Consistent with these observations is that myostatin deficient mice have 

less collagen in their muscles and fail to accumulate increased connective tissue in muscles 

as they age [43]. In addition, mstn/mstn mice exhibit compromised muscle function [17] and 

are reported to have brittle tendons with reduced collagen content [44]. Given the association 

of myostatin in collagen expression, we targeted partial deficiency of myostatin, as complete 

absence of myostatin in the presence of the already compromised muscle function [7] and 

collagen of oim/oim tendon [45] would likely have been detrimental. Tendons are the 

conduit through which muscle loading transduces the mechanosignal to the bone. Myostatin 

deficiency may not only indirectly impact bone by altering muscle loading, but the 

mechanosignaling between the muscle and bone via the tendon may be altered as well. 

Alterations in tendon material properties could alter the mechanosignal transduction of the 

load to the bone and should be investigated further.

Increasing our understanding of the role of myostatin in regulatory mechanisms of collagen 

expression, mineralization, and bone strength will provide unique insight and promote 

potential new therapeutic approaches to enhancing and protecting bone health. Our results 

suggest that intervention of the myostatin signaling pathway by potential pharmacological 

agents holds promise as a therapeutic strategy for individuals with osteogenesis imperfecta 

by not only enhancing muscle function, but also bone strength. The use of myostatin 

inhibitors or receptor decoy molecules in normal mice and mice with acquired bone loss has 

resulted in increased muscle mass, increased serum bone formation markers, bone mineral 

density, and bone mass [46, 47]. These studies together with our findings demonstrate the 

need to further elucidate the mechanisms of action of myostatin signaling on bone and 

suggest that pharmacological inhibition of myostatin signaling may offer new therapeutic 

strategies to enhance muscle and bone strength in individuals with osteogenesis imperfecta.
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Fig. 1. 
A Schematic of the +/mstn (dam) X +/oim (sire) mice breeding scheme with the resultant 

genotypes of the offspring indicated. B Representative graphs showing the torque applied on 

the femur of Wt, +/mstn, +/mstn +/oim, and +/oim offspring per angular displacement. B–G 
Myostatin deficiency partially rescues the bone phenotype of +/oim mice as seen in 4-

month-old +/mstn +/oim femora. C Torsional ultimate strength (Tmax), D tensile strength 

(Su), E energy to failure (U), F torsional stiffness (Ks), G shear modulus of elastcity. The 

genotype main effect was evaluated. Values are the LSmeans±SE of the combined genotype 

values regardless of sex. Values with the same superscript letter are not significantly 

different. Differences were considered significant at p≤0.05. Wt (solid black), n=21; +/mstn 
(black and white), n=25–26; +/mstn, +/oim (black and gray), n=18; +/oim (gray), n=18
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Fig. 2. 
Myostatin deficiency in 4-month-old +/mstn +/oim tibiae increases the PO4/amide I (mineral 

to collagen) ratio as compared to +/oim tibiae. Cortical bone A PO4/CO3 ratio (indication of 

carbonate substitution of phosphate in the crystal lattice), B PO4/CH2 ratio (relative amount 

of mineral phosphate to matrix protein), C PO4/amide I ratio (relative amount of mineral to 

collagen), and D femoral hydroxyproline content (μg/g bone). The genotype main effect was 

evaluated. Values are the LSmeans±SE of the combined genotype values regardless of sex. 

Values with the same superscript letter are not significantly different. Differences were 

considered significant at p≤0.05. Wt (solid black), n=13–14; +/mstn (black and white), 

n=11–17; +/mstn, +/oim (black and gray), n=12–17; +/oim (gray), n=13–14
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Fig. 3. 
Evaluation of serum bone turnover markers, N-terminal propeptide of type I procollagen 

[PINP (A)] and C-terminal cross-linked telopeptide of type I collagen [CTX (B)] 

demonstrated an increase in serum CTX associated with +/oim and +/mstn +/oim mice. The 

genotype main effect was evaluated. Values are the LSmeans±SE of the combined genotype 

values regardless of sex. Values with the same superscript letter are not significantly 

different. Differences were considered significant at p≤0.05. Wt (solid black), n=13; +/mstn 
(black and white), n=16–19; +/mstn, +/oim (black and gray), n=17–18; +/oim (gray), n=15–

16

Oestreich et al. Page 16

Osteoporos Int. Author manuscript; available in PMC 2021 April 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Oestreich et al. Page 17

Ta
b

le
 1

B
od

y 
an

d 
hi

nd
lim

b 
m

us
cl

e 
an

d 
re

la
tiv

e 
m

us
cl

e 
w

ei
gh

ts
 o

f 
ad

ul
t 4

-m
on

th
-o

ld
 o

ff
sp

ri
ng

 o
f 

+
/m

st
n 

X
 +

/o
im

 c
ro

ss
es

P
ar

am
et

er
W

t 
n=

24
–2

7
+/

m
st

n 
n=

32
–3

4
+/

m
st

n 
+

/o
im

 n
=3

5
+/

oi
m

 n
=2

7

B
od

y 
w

ei
gh

t (
g)

27
.2

6±
0.

46
a

28
.5

5±
0.

42
b

28
.7

4±
0.

41
b

25
.9

1±
0.

46
c

M
us

cl
e 

w
et

 w
ei

gh
t (

m
g)

 
So

le
us

8.
51

±
0.

36
a

10
.2

0±
0.

32
b

9.
64

±
0.

30
b

8.
24

±
0.

34
a

 
Pl

an
ta

ri
s

18
.0

1±
0.

54
a

21
.3

1±
0.

48
b

21
.1

5±
0.

45
b

16
.7

2±
0.

51
a

 
G

as
tr

oc
ne

m
iu

s
12

3.
4±

3.
6a

14
7.

9±
3.

2b
14

0.
1±

3.
0b

12
0.

1±
3.

4a

 
T

ib
ia

lis
 a

nt
er

io
r

49
.2

7±
1.

73
a

58
.8

9±
1.

54
b

59
.6

7±
1.

43
b

49
.9

7±
1.

63
a

 
Q

ua
dr

ic
ep

s
19

7.
4±

6.
0a

23
2.

0±
5.

3b
23

2.
0±

5.
0b

19
8.

5±
5.

6a

R
el

at
iv

e 
w

et
 m

us
cl

e 
w

ei
gh

t [
w

et
 w

ei
gh

t (
m

g)
/b

od
y 

w
ei

gh
t (

g)
]

 
So

le
us

0.
03

2±
0.

00
1a

0.
03

6±
0.

00
1b

0.
03

4±
0.

00
1ab

0.
03

2±
0.

00
1a

 
Pl

an
ta

ri
s

0.
06

8±
0.

00
2a

0.
07

4±
0.

00
2b

0.
07

4±
0.

00
2b

0.
06

4±
0.

00
1a

 
G

as
tr

oc
ne

m
iu

s
0.

46
7±

0.
01

3a
0.

51
6±

0.
01

2b
0.

48
7±

0.
01

1ab
0.

46
5±

0.
01

3a

 
T

ib
ia

lis
 a

nt
er

io
r

0.
18

7±
0.

00
7a

0.
20

7±
0.

00
6b

0.
20

9±
0.

00
6b

0.
19

5±
0.

00
7ab

 
Q

ua
dr

ic
ep

s
0.

74
8±

0.
02

2a
0.

80
8±

0.
02

0b
0.

80
3±

0.
01

9ab
0.

76
7±

0.
02

1ab

D
at

a 
w

er
e 

ev
al

ua
te

d 
by

 a
na

ly
si

s 
of

 v
ar

ia
nc

e 
an

d 
no

 g
en

ot
yp

e 
an

d 
se

x 
in

te
ra

ct
io

ns
 w

er
e 

fo
un

d.

T
he

 g
en

ot
yp

e 
m

ai
n 

ef
fe

ct
 w

as
 e

va
lu

at
ed

, a
nd

 th
e 

va
lu

es
 e

xp
re

ss
ed

 a
re

 th
e 

L
Sm

ea
ns

±
SE

 o
f 

th
e 

co
m

bi
ne

d 
ge

no
ty

pe
 v

al
ue

s 
re

ga
rd

le
ss

 o
f 

se
x.

 V
al

ue
s 

w
ith

in
 a

 r
ow

 w
ith

 th
e 

sa
m

e 
su

pe
rs

cr
ip

t l
et

te
r 

ar
e 

no
t 

si
gn

if
ic

an
tly

 d
if

fe
re

nt
. D

if
fe

re
nc

es
 w

er
e 

co
ns

id
er

ed
 s

ig
ni

fi
ca

nt
 a

t p
≤0

.0
5

Osteoporos Int. Author manuscript; available in PMC 2021 April 02.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Oestreich et al. Page 18

Ta
b

le
 2

T
ib

ia
l m

ic
ro

ar
ch

ite
ct

ur
e 

of
 4

-m
on

th
-o

ld
 m

al
e 

of
fs

pr
in

g 
fr

om
 +

/m
st

n 
x 

+
/o

im
 c

ro
ss

es

P
ar

am
et

er
W

t 
n=

15
+/

m
st

n 
n=

12
+/

m
st

n 
+/

oi
m

 n
=1

2
+/

oi
m

 n
=1

2

T
ra

be
cu

la
r 

bo
ne

 
B

V
/T

V
0.

16
6±

0.
00

9a
0.

22
4±

0.
01

0b
0.

18
2±

0.
01

0a
0.

15
4±

0.
01

0a

 
N

um
be

r 
(1

/m
m

)
4.

41
±

0.
14

a
4.

94
±

0.
15

b
4.

30
±

0.
15

ac
3.

96
±

0.
15

c

 
D

en
si

ty
 (

m
g 

H
A

/C
C

M
)

83
3.

6±
7.

1a
79

0.
7±

7.
9b

80
4.

3±
7.

8b
85

7.
8±

7.
8c

 
C

on
ne

ct
iv

ity
 d

en
si

ty
97

.4
±

7.
6a

13
1.

1±
8.

5b
99

.2
±

8.
4a

74
.6

±
8.

4c

 
SM

I
1.

84
±

0.
08

a
1.

52
±

0.
09

b
1.

91
±

0.
09

a
2.

04
±

0.
09

a

T
hi

ck
ne

ss
 (

m
m

)*

 
M

al
e 

(n
=

6–
8)

0.
05

5±
0.

00
2a

0.
06

4±
0.

00
1b

0.
06

3±
0.

00
2b

0.
05

7±
0.

00
3a

 
Fe

m
al

e 
(n

=
6–

7)
0.

05
2±

0.
00

1a
0.

05
2±

0.
00

1a
0.

05
5±

0.
00

2a
0.

05
6±

0.
00

2a

Se
pa

ra
tio

n 
(1

/m
m

)*

 
M

al
e 

(n
=

6–
8)

0.
16

4±
0.

00
3a

0.
15

0±
0.

01
1a

0.
16

6±
0.

00
6a

0.
17

5±
0.

00
7a

 
Fe

m
al

e 
(n

=
6–

7)
0.

30
7±

0.
01

2a
0.

28
5±

0.
02

3a
0.

36
6±

0.
03

2b
0.

39
4±

0.
01

7b

C
or

tic
al

 b
on

e

 
T

hi
ck

ne
ss

 (
m

m
)

0.
22

7±
0.

00
3a

0.
22

4±
0.

00
4ab

0.
21

6±
0.

00
4b

0.
21

6±
0.

00
3b

 
D

en
si

ty
 (

m
g 

H
A

/C
C

M
)

11
29

.5
±

8.
8a

10
88

.8
±

9.
7b

11
15

.0
±

9.
6ab

11
49

.3
±

9.
3a

D
at

a 
w

er
e 

ev
al

ua
te

d 
by

 a
na

ly
si

s 
of

 c
ov

ar
ia

nc
e 

w
ith

 b
od

y 
w

ei
gh

t a
s 

th
e 

co
va

ri
at

e

* W
he

n 
ge

no
ty

pe
 a

nd
 s

ex
 in

te
ra

ct
io

ns
 w

er
e 

si
gn

if
ic

an
t, 

m
al

e 
an

d 
fe

m
al

e 
va

lu
es

 a
re

 e
xp

re
ss

ed
 a

s 
m

ea
ns

±
SE

. I
f 

th
e 

ge
no

ty
pe

 a
nd

 s
ex

 in
te

ra
ct

io
n 

w
er

e 
no

t s
ig

ni
fi

ca
nt

, t
he

 g
en

ot
yp

e 
m

ai
n 

ef
fe

ct
 w

as
 e

va
lu

at
ed

, 
an

d 
th

e 
va

lu
es

 e
xp

re
ss

ed
 a

re
 th

e 
L

Sm
ea

ns
±

SE
 o

f 
th

e 
co

m
bi

ne
d 

ge
no

ty
pe

 v
al

ue
s 

re
ga

rd
le

ss
 o

f 
se

x.
 V

al
ue

s 
w

ith
in

 a
 r

ow
 w

ith
 th

e 
sa

m
e 

su
pe

rs
cr

ip
t l

et
te

r 
ar

e 
no

t s
ig

ni
fi

ca
nt

ly
 d

if
fe

re
nt

. D
if

fe
re

nc
es

 w
er

e 
co

ns
id

er
ed

 s
ig

ni
fi

ca
nt

 a
t p

≤0
.0

5

Osteoporos Int. Author manuscript; available in PMC 2021 April 02.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Oestreich et al. Page 19

Ta
b

le
 3

Fe
m

or
al

 g
eo

m
et

ry
 o

f 
ad

ul
t 4

-m
on

th
-o

ld
 o

ff
sp

ri
ng

 o
f 

+
/m

st
n 

X
 +

/o
im

 c
ro

ss
es

G
eo

m
et

ri
c 

pa
ra

m
et

er
W

t 
n=

21
+/

m
st

n 
n=

26
+/

m
st

n 
+

/o
im

 n
=2

0
+/

oi
m

 n
=1

8

Fe
m

ur
 le

ng
th

 (
m

m
)

16
.1

8±
0.

08
a

15
.9

6±
0.

08
a

16
.1

1±
0.

09
a

16
.0

5±
0.

09
a

M
ar

ro
w

 c
av

ity
 d

ia
m

et
er

 (
m

m
)

0.
91

±
0.

02
a

0.
87

±
0.

02
a

0.
81

±
0.

02
b

0.
77

±
0.

03
b

C
or

tic
al

 b
on

e 
w

id
th

 (
m

m
)

0.
41

±
0.

01
a

0.
41

±
0.

01
a

0.
43

±
0.

01
a

0.
44

±
0.

01
a

Po
la

r 
m

om
en

t o
f 

in
er

tia
 (

m
m

4 )
0.

76
±

0.
03

a
0.

69
±

0.
03

ac
0.

63
±

0.
04

b
0.

65
±

0.
04

bc

D
at

a 
w

er
e 

ev
al

ua
te

d 
by

 a
na

ly
si

s 
of

 c
ov

ar
ia

nc
e 

w
ith

 b
od

y 
w

ei
gh

t a
s 

th
e 

co
va

ri
at

e.
 N

o 
ge

no
ty

pe
 a

nd
 s

ex
 in

te
ra

ct
io

ns
 w

er
e 

fo
un

d.

T
he

 g
en

ot
yp

e 
m

ai
n 

ef
fe

ct
 w

as
 e

va
lu

at
ed

, a
nd

 th
e 

va
lu

es
 e

xp
re

ss
ed

 a
re

 th
e 

L
Sm

ea
ns

±
SE

 o
f 

th
e 

co
m

bi
ne

d 
ge

no
ty

pe
 v

al
ue

s 
re

ga
rd

le
ss

 o
f 

se
x.

 V
al

ue
s 

w
ith

in
 a

 r
ow

 w
ith

 th
e 

sa
m

e 
su

pe
rs

cr
ip

t l
et

te
r 

ar
e 

no
t 

si
gn

if
ic

an
tly

 d
if

fe
re

nt
. D

if
fe

re
nc

es
 w

er
e 

co
ns

id
er

ed
 s

ig
ni

fi
ca

nt
 a

t p
≤0

.0
5

Osteoporos Int. Author manuscript; available in PMC 2021 April 02.


	Abstract
	Introduction
	Materials and methods
	Animals
	Tissue harvest
	Tibial microarchitecture analyses
	Femoral μCT and torsional loading to failure
	Bone mineral and matrix composition
	Serum biomarkers of collagen synthesis and degradation
	Statistical analysis

	Results
	Body and muscle weights
	Tibial microarchitecture
	Femoral geometry
	Femoral biomechanics
	Mineral-matrix interactions and collagen content
	Biochemical markers of bone remodeling

	Discussion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Table 1
	Table 2
	Table 3

