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THE EFFECTS OF DIFFERENTIAL AND COMBINATORIAL INHIBITION OF 

MYOSTATIN AND ACTIVIN A IN THE G610C MURINE MODEL OF 

OSTEOGENESIS IMPERFECTA 

Catherine L. Omosule 

Charlotte Phillips, Dissertation Research 

Abstract 

Bone fragility, increased susceptibility to fracture, and low bone mineral density 

(BMD) are hallmarks of osteogenesis imperfecta (OI), a rare skeletal disorder that arises 

primarily from defects in the generation, quantity and quality of type I collagen. OI is 

classically grouped into 4 types based on disease severity: I (mild), II (perinatal lethal), 

III (severe, progressively deforming) and IV (moderately severe). There is currently no 

cure for OI, and present day therapeutic management depends on bone-antiresorptive 

drugs and intramedullary rodding of long bones, both of which can have significant 

adverse effects and outcomes. 

Myostatin and activin A are ligands in the TGF-β superfamily with known 

regulatory roles in the development and physiology of muscle and bone. In mice, 

myostatin is well known as a regulator of muscle mass. Its inhibition is associated with 

increased muscle mass and fiber number. Activin A is a known pro-osteoclastogenic 

molecule, increasing the differentiation of bone-resorbing osteoclasts. Its inhibition is 

associated with increased bone formation in vivo.   Both myostatin and activin A effect 

canonical signaling cascades through the activin type IIB receptor (ActRIIB).    

The following studies are divided into two segments. In the first segment, we 

explored the effects of genetic myostatin inhibition relative to postnatal pharmacological 

myostatin inhibition in the mild to moderate type I/IV G610C mouse model of OI. 
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Heterozygous G610C mice (+/G610C) carry a mutation in their Col1a2 genes, reflecting 

the causative mutation in a human founder population exhibiting compromised skeletal 

health including decreased BMD and bone strength.  We hypothesized that the inhibition 

of myostatin would improve muscular and skeletal properties in +/G610C +/mstn 

(genetic myostatin inhibition) and Regn647-treated wild-type (Wt) and +/G610C mice 

(postnatal pharmacological myostatin inhibition). Indeed, myostatin deficiency endowed 

+/G610C mice with larger hindlimb muscles but it was only through genetic inhibition of 

myostatin that the overall skeletal properties in the G610C mouse was improved. 

In the second segment, we explored and compared inhibition of myostatin, activin 

A, or both ligands using monoclonal antibodies in Wt and +/G610C mice, hypothesizing 

that the combined inhibition of myostatin and activin A (Combo) will more potently 

improve musculoskeletal properties due to increased muscle mass and decreased bone 

resorption. Indeed, the combinatorial treatment with both myostatin and activin 

consistently increased muscle mass, and bone microarchitecture and strength in all mice 

regardless of genotype or sex. These findings demonstrate the potential of myostatin for 

increasing muscle mass in OI, but also suggest that combinatorial inhibition treatment 

strategy of myostatin and activin A provides greater post-natal skeletal improvements 

than myostatin or activin A inhibition alone.



 
 

CHAPTER I 

INTRODUCTION AND LITERATURE REVIEW 

 

Parts of this Chapter have been published: Omosule CL and Phillips CL. Deciphering 

myostatin’s regulatory, metabolic, and developmental influence in skeletal diseases. 

Front. Genet. 2021; 12:662908 doi: 10.3389/fgene.2021.662908 

INTRODUCTION 

Bone is composed of cells within an extracellular matrix made of organic and 

inorganic phases. Inorganic hydroxyapatite crystals [Ca10(PO4)6(OH)2] make up 60% of 

the weight of bone while the organic component (mostly type I collagen) makes up 25%, 

and water, 5%(1).  Volumetrically, the inorganic and organic phases and water occupy 

36%, 36% and 28% respectively(1). About 10% total bone water is associated with 

collagen fibrils and hydroxyapatite crystals whereas the remaining 90% is in the 

lacunocanalicular system, bone marrow and bone vasculature (blood vessel system)(2). 

Osteoblasts, osteoclasts, osteocytes and bone lining cells make up the cellular constituent.  

In vertebrates, bones serve a multitude of functions: attachment sites for muscle 

and tendons, organ housing and protection, reservoir for a multitude of minerals 

including calcium, magnesium, and storage for biological molecules and ligands 

including collagen fibers and osteocalcin(3). In concert with muscles and tendons, the 

skeletal system facilitates locomotion as well. Bones also serve as sites for 

hematopoiesis, lymphopoiesis and myelopoiesis, generating hematocytes, lymphoid and 

myeloid lineage cells, respectively which have roles in osteo-immunology(4). 

Additionally, granulocyte colony stimulating factor (G-CSF), a hematopoietic cytokine is 

released by osteocytes(4). 
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Idiopathic, genetic, and aging related bone disorders like osteoporosis and rare 

bone disease like osteogenesis imperfecta (OI) constitute a huge economic burden and 

negatively impact quality of life. In OI, a rare genetic skeletal disorder, patients have 

weak bones that fracture with little trauma, physical disability, growth deficiency, muscle 

weakness and skeletal deformities(5). OI primarily arises from mutations in the type I 

collagen genes COL1A1 and COL1A2. In bone, type I collagen constitutes 90% of all 

proteins, making defects to the structure and quantity of type I collagen protein 

detrimental to its strength, geometry, and microarchitecture(6). A complete cure for OI 

will rely on genetic manipulations to the defective contributory genes, techniques that are 

yet to be mastered. Thus, current therapeutic OI management relies on bisphosphonates, a 

class of drugs that inhibit bone breakdown. Bisphosphonates increase bone mass but can 

be detrimental when used in pediatric OI patients(7–9).  The insertion of surgical rods into 

long bones of OI patients is also employed. Intramedullary rods sometimes fail to extend 

or when they do extend can migrate into soft tissues and joints and need to be replaced 

via additional surgery(10,11). These adverse effects further the need to explore better 

therapeutics for managing OI. 

Bone and muscle are intricately connected. Bones respond to loading forces from 

muscles by adjusting their geometry, mass, and strength(12–14). Both bones and muscle 

secrete ligands that have reciprocal regulatory functions. Myostatin (growth 

differentiation factor 8, GDF8) is a muscle-secreted ligand which negatively regulates the 

number and size of muscle fibers during growth(15). Activin A is a bone-secreted ligand 

which increases differentiation of bone-resorbing osteoclasts(16). Both activin A and 

myostatin belong to the TGF-β superfamily of proteins and effect canonical signaling 
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changes through activin receptor type IIB (ActRIIB), which also interacts with multiple 

ligands including activins B,C,E, other GDFs and bone morphogenetic proteins 

(BMPs)(17,18). Multiple versions of the soluble decoy ActRIIB receptor have improved 

muscle and bone properties in rodent and primate models, including OI mouse models(19–

22). In clinical trials however, promiscuity of these decoy receptors resulted in adverse 

effects that resulted in study termination (18,23).  

In this review, I summarize our current understanding of bone development, the 

intricate and reciprocal relationship between muscle and bone, osteogenesis imperfecta 

and the TGF-β ligands myostatin and activin A. I also provide evidence for pursuing the 

inhibition of activin A, myostatin or both as promising therapeutic targets for OI. 

 

I.1 BONE DEVELOPMENT AND PHYSIOLOGY 

Bone Development 

The skeleton is patterned early during embryogenesis. First, mesenchymal stem 

cells (MSCs) from the paraxial and lateral plate mesoderm create dense cellular outlines 

for making the bones of the axial and appendicular skeleton respectively(24).  These 

osteochondroprogenitor MSCs then differentiate either into chondrocytes during 

endochondral ossification by which the appendicular skeleton, axial skeleton and 

posterior ends of the skull are formed; or directly into osteoblasts for intramembranous 

bone formation, which generates the clavicle and craniofacial bones (24,25). 
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A cartilage template or anlagen is necessary for endochondral ossification, which 

begins when proliferating chondrocytes, stimulated by Indian hedgehog (Ihh), 

differentiate into hypertrophic chondrocytes (differentiated chondrocytes that are capable 

of producing extracellular matrix proteins and forming an ordered structure)(24,26). This 

triggers recruitment of runt-related transcription factor 2 (Runx2)- and osterix (Osx)-

expressing osteoblast progenitors, blood vessel endothelial cells and hematopoietic cells 

from the perichondrium into the newly established primary ossification center(24,26) 

(Figure 1). Here, hypertrophic cartilage is resorbed, osteoblast precursors differentiate 

into bone-forming osteoblasts, and hematopoietic and endothelial cells facilitate bone 

marrow formation, replacing the hyaline cartilage(24). Secondary ossification centers then 

form at the ends of the developing bone,  leaving between them and the primary 

ossification center, a cartilaginous growth plate (epiphyseal plate, Figure 1) to enable 

longitudinal bone growth during puberty(24,27). After puberty, growth plates become thin 

and are replaced by bone(24).  

Several ligands and hormonal factors regulate endochondral ossification. 

Parathyroid hormone-related peptide (PTHrP), fibroblast growth factor 18 (FGF18) and 

insulin-like growth factor (IGF-1) regulate chondrocyte proliferation(24). In fact, reduced 

growth and dwarfism may occur with mutations in the PTHrP, Fgf18 and IGF-1 genes(24). 

Bone morphogenic proteins (BMPs) also stimulate sex determining region Y (SRY)-box 

9 (Sox9) expression. Sox9 is a key transcription factor in chondrogenesis and regulates 

expression of the chondrogenic genes Sox5 and Sox6 as well as the osteoblastic gene, 

Runx2(28,29). 
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In contrast to bones formed via the endochondral process, calvarial and facial bones and 

parts of the pectoral girdle arise via intramembranous bone formation and do not require 

a cartilage template(30). Osteoblasts arise from osteochondrogenic cells and secrete bone 

matrix within membranous tissue which is later mineralized into bone tissue(30).  

Bone patterning is an intricate process coordinated by a myriad of transcription 

factors. The homeobox proteins HOXD13 and HOXA13 appear to regulate the number 

and length of phalanges and the shape of toes and thumbs, respectively(24,31,32). Likewise, 

paired box 3 (PAX3) regulates musculoskeletal patterning, with mutations resulting in 

finger and nasal bone defects and abnormalities in the upper limb(24,33). Members of the 

transforming growth factor beta (TGF-β) superfamily of proteins including activins are 

also expressed during limb development and play strategic roles in skeletal 

patterning(29,34). 
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Figure I.1. Endochondral bone formation 

In endochondral ossification, a hyaline cartilage forms the template from which bone 

develops. A primary ossification center is formed where cartilage is broken down, and 

osteoprogenitor cells differentiate into bone-forming osteoblasts. As the cartilage is 

transformed into the bone, the marrow cavity is created. Secondary ossification centers 

are also established at the ends of the long bones. Image from Mescher A.L., Junqueia’s 

Basic Histology: Text and Atlas, 15th edition, 

https://accessmedicine.mhmedical.com/content.aspx?bookid=2430&sectionid=19027800

6 Copyright © The McGraw-Hill Companies, Inc.  

  

https://accessmedicine.mhmedical.com/content.aspx?bookid=2430&sectionid=190278006
https://accessmedicine.mhmedical.com/content.aspx?bookid=2430&sectionid=190278006
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Bone Cells 

Osteoblasts are cuboidal cells that make up 4-6% of all bone cells, yet have 

indispensable roles in bone formation and maintenance(35). Osteoblasts make osteoid, a 

non-mineralized bone matrix composed of type I collagen and non-collagenous proteins 

[osteocalcin (OCN), osteonectin, bone salioprotein II (BSP II), osteopontin (OPN)] and 

proteoglycans (decorin, biglycan)(35,36). Osteoblasts also secrete matrix vesicles, 30 to 

200nm in diameter, which contain phosphate and calcium bound together as 

hydroxyapatite crystals [Ca10(PO4)6(OH)2] for bone mineralization(35,36). Further, 

osteoblasts regulate osteoclastogenesis by producing macrophage colony stimulating 

factor (M-CSF) and receptor activator of nuclear factor kappa beta ligand (RANKL), two 

key transcription factors in osteoclast generation(35). Lastly, osteoblasts engulf and 

degrade apoptotic bodies during bone formation(37).  

To become osteoblasts, osteochondrogenic MSCs must transition through multiple 

stages(35). Committed osteoblast progenitor cells first express RUNX2, distal-less 

homeobox 5 (DLX5), OSX, COL1A1 and COL1A2, becoming pre-osteoblasts which are 

cuboidal in nature(35). Pre-osteoblasts then actively secrete bone matrix proteins, exhibit 

high alkaline phosphatase (ALP) activity, and then transition into mature osteoblasts and 

express copious amounts of OCN, BSP I and II, and type I collagen(35).  

Bone lining cells are quiescent osteoblasts which line bone surfaces to prevent 

unnecessary osteoclastic bone resorption, and are capable of becoming active osteogenic 

cells(35,36,38). Bone lining cells can secrete RANKL and osteoprotegerin (OPG) to regulate 

osteoclast differentiation and also degrade collagen fibrils after bone resorption(36,39). 
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Osteocytes make up 90-95% of bone cells and can live for up to 50 years in 

humans(2,35,40). There are far more osteocytes than osteoblasts (ten times) and osteoclasts 

(one thousand times)(2). These spider-shaped cells have dendritic processes with which to 

interact with neighboring cells via gap junctions; have polarity and directionality; and are 

housed in lacunae, playing key roles in regulating osteoid mineralization, and responding 

to biomechanical signals(35,40). Interstitial fluid flow within the lacunocanalicular system 

has been implicated in cell-to-cell communication during the osteocytic detection and 

response to mechanical signals. Osteocytes signal through the release of the secondary 

messengers nitric oxide, prostaglandins, ATP and Ca2+(36). 

The indispensable role of osteocytes in bone homeostasis is exemplified by their 

regulation of bone formation. Sclerostin (Sost) is an osteocyte-secreted glycoprotein that 

inhibits osteoblastogenesis by negatively regulating WNT and BMP signaling (41). 

Osteocyte apoptosis is linked to increased expression of the pro-osteoclastogenic factors 

RANKL, TNF-α, IL-6 and IL-11, enhancing osteoclastogenesis and contributing to 

aging-related bone loss(2,35,42). In vitro, osteocytes secrete more RANKL than osteoblasts 

implicating osteocytes as the major regulator of osteoclast differentiation(42,43). Further, 

when RANKL expression is ablated in osteocytes, mice exhibit a severe osteopetrotic 

bone phenotype(43). Osteocytes and osteoblasts also actively degrade bone, shown in their 

secretion of tartrate resistant acid phosphatase (TRAP)(44,45). Lastly, osteocytes release 

extra-skeletal factors including fibroblast growth factor 23 (FGF23), a regulator of serum 

phosphate levels and renal phosphate excretion(35,40). 

Osteoclasts are multinucleated cells that resorb bone. The pro-osteoclastogenic 

molecules M-CSF and RANKL stimulate differentiation of mononuclear cells in the 
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hematopoietic stem cell lineage into osteoclasts(36). Like RANKL, osteoprotegerin (OPG) 

is a member of the tumor necrosis factor (TNF) superfamily and acts as an antagonist to 

osteoclastogenesis, competing with RANKL for binding to the RANK receptor on 

osteoclast precursors and protecting against excessive bone resorption(46). 

To resorb bone, osteoclasts first seal off a region of interest using actin-rich podosomes 

under which they form their characteristic ruffled borders: finger-shaped projections of 

the osteoclast membranes which form a tight seal around the resorption pit into which 

proteinases like Cathepsin K and B, matrix metalloproteinases and TRAP are secreted, 

degrading the proteins in the bone ECM(2,46). Hydrochloric acid generated by vacuolar 

H+-ATPases acidify and degrade the bone mineral(2,46). After degradation, osteoclasts 

endocytose the matrix proteins at the ruffled border and intracellularly traffic them to be 

released at the basolateral membrane(47).  

Type I Collagen 

In vertebrates, the collagen superfamily consists of 27 members which can be 

found within cartilage, bone, skin, tendons, basement membranes and extracellular 

matrices(48). Type I collagen often occurs as a heterotrimer, however, homotrimeric type I 

collagen, which is more resistant to degradation by proteinases, has been found in cancer, 

osteoarthritis and osteoporosis as well as within embryonic tissues and adult human 

skin(49).  In bone, type I collagen consists of two α1(I) and one α2(I) polypeptide chains 

encoded by the Col1a1 and Col1a2 genes, respectively. These left handed helical 

polypeptides have repeating Gly-X-Y sequences with glycine in every 3rd position due to 

its small size and lack of side chains(48). The X position is often occupied by proline 

whereas hydroxylysine and hydroxyproline occupy the Y position. Following 
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transcription and ribosomal translation, the pre-pro-polypeptide type I collagen chains are 

transported into the endoplasmic reticulum (ER) where posttranslational modifications 

including signal peptide removal from the N-terminal, proline and lysine hydroxylation, 

and hydroxylysine glycosylation, occur(48,50).  The heat shock protein 47 (HSP47, also 

Serpin H1) stabilizes the procollagen molecule and acts as a molecular chaperone in the 

ER(51,52). The complex procollagen folding process is further assisted by the molecular 

chaperones: prolyl-4-hydroxylase, osteonectin, prolyl-3-hydroxylase 1(P3H1), 

cyclophilin B (CyPB), cartilage-associated protein (CRTAP), protein disulfide isomerase 

(PDI) and FK506-binding protein (FKBP65) (52,53). Formation of the collagen triple helix 

begins at the C-terminal region when two α1(I) and one α2(I) polypeptides associate via 

diffusion and are stabilized by intra- and inter- molecular disulfide bones(5). Once 

propagation towards the N-terminal is complete, procollagen molecules are moved 

through the golgi stacks where additional modifications and assembly into secretory 

vesicles take place, assisted by HSP47(5,48,50). 

In the extracellular space, N proteinases in the A Disintegrin and Metalloproteinase with 

Thrombospondin motifs (ADAMTS) family cleave the N-propeptide ends and bone 

morphogenetic protein 1 (BMP-1) cleaves the C-propeptide end of the procollagen 

molecule to release the mature type I collagen molecule (tropocollagen) which is about 

300 nm long and 1.5 nm thick(50,54–56). Lysyl oxidases then facilitate covalent crosslink 

formation between tropocollagen molecules by oxidizing side chains of some lysine and 

hydroxylysine molecules into alpha-aminoadipic-delta-semialdehydes to form collagen 

fibrils(57) . Additional proteinases able to cleave and degrade type I collagen include the 

matrix metalloproteinases-1, -8, -14 (MMPs-1, -8, -14)(56,58) and MMPs-2 and -9(56,58). 
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Type I collagen plays a crucial role in skeletal physiology. The inherent material 

properties of type I collagen and its organization and structure influence bone toughness 

and dictates the biomechanical properties of bone(59). Besides, the tightly regulated series 

of steps in the collagen synthesis pathway makes errors in the assembly process caused 

by genetic mutations or pharmacologic agents particularly problematic, altering bone 

biomechanical properties and increasing the propensity to fracture(59) as seen in bone 

disorders like osteogenesis imperfecta (OI).  

Bone Minerals 

Bone minerals dictate the stiffness and resistance of bone tissue and make up 

approximately 60% of the weight of bone and 40% of its volume (1,36,60). Bone minerals 

are composed of hydroxyapatite crystals which have calcium phosphate particles 

[Ca10(PO4)6(OH)2]
(61), and ion species like Cl- and Mg2+ (61,62). The hydroxyapatite 

minerals in bone are formed and matured in matrix vesicles secreted by osteoblasts(1,35). 

These matrix vesicles contain phosphatases like ALPL, which degrade phosphate-

containing compounds,, and ion transporters like type III Na/Pi co-transporters which 

facilitate the uptake of phosphate ions(1,35,63).  Calcium intake is regulated by calcium 

binding proteins, phospholipids (BSPII and annexin), and calcium channels (35,36). Within 

the matrix vesicles, tri-calcium phosphate (Ca3(PO4)2) crystals form and are hydroxylated 

to form bone mineral hydroxyapatite crystals which are then released into the 

extracellular space, binding collagen fibrils and the proteoglycan scaffold(35,36).  

Postnatal Modeling and remodeling 
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The mechanical properties of bone are dependent on the inherent properties of the 

constituent type I collagen molecules, bone matrix proteins and minerals, bone mass, 

overall bone shape, geometry and microarchitecture, and the presence of micro-

damage(14,36,59). Type I collagen contributes to bone elasticity and resistance to tension, 

whereas minerals dictate bone stiffness and resistance to compression. Nevertheless, with 

age, the capacity of collagen and minerals to provide both strength and toughness is 

diminished(64).  

In humans, cortical and trabecular bone make up 80% and 20% bone, 

respectively(65). During growth, mechanical forces influence modeling, a process by 

which bones adapt to muscular and/or gravitational forces/stresses by changing their 

shape and geometry (Figure 2) (65). In a separate process, bone remodeling facilitates the 

replacement of old micro-damaged bone with new bone to maintain homeostasis with the 

help of the bone basic multicellular unit (BMU) (65). Remodeling involves coupling 

between osteoblasts and osteoclasts whereas modeling is uncoupled. 

Peak bone mass is a critical determinant of one’s bone health in later life (66). 

Genetic factors as well as environmental influences such as adequate nutrition, body 

composition, physical activity and exercise early in life, and exposure to sex hormones at 

puberty impact peak bone mass attainment(67). Between 11-14 years of age, girls have 

dramatic gains in BMD, followed by significant declines in skeletal mass growth at the 

femoral neck and lumbar spine regions(68). On the other hand, boys continue to 

accumulate bone mass after puberty, between ages 15-18(68). Nonetheless, by their mid-

twenties, peak bone mass is generally achieved in both males and females(66). Although 

minimal modeling persists in trabeculae in adulthood, adults generally accumulate new 
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bone only through remodeling, i.e. remodeling is a lifelong process(69). Also, aging 

negatively influences osteocyte numbers, depletes the osteoprogenitor osteoblast pool and 

alters rates of modeling and remodeling(64). 

Old bone accumulates micro-damages and is replaced with newly synthesized 

bone during bone remodeling, a tightly regulated process undertaken by the BMU which 

is comprised of osteoclasts which remove old bone and osteoblasts which replace 

degraded bone(70). BMUs are responsible for bone turnover, at a rate of 10% each year in 

adult humans(2). In a BMU, osteoclasts are the shortest lived-cells (approximately two 

week lifespan); active osteoblasts live for up to 3 months and the entire BMU lasts 6-9 

months(2). Approximately 50-70% of osteoblasts in the BMU die via programmed cell 

death(36,71). Of the remaining osteoblasts, some are trapped within the osteoid matrix and 

transdifferentiate into osteocytes while the remaining cells become bone lining cells(36,71).  

Bone remodeling involves 4 stages: 1) mononuclear monocyte-macrophage osteoclast 

precursors are recruited from circulation and activated to differentiate in the activation 

stage; 2) multinucleated osteoclasts form sealing zones into which they secrete TRAP, 

Cathepsin K, MMP-9 and gelatinase for organic matrix digestion; and hydrogen ions to 

decrease the pH in the resorbing compartment (~pH 4.5)  and release bone minerals 

during the 2-4 week resorption stage; 3) bone formation is initiated with pre-osteoblast 

recruitment and activation in the reversal phase; and 4) osteoblasts produce collagenous 

matrices and mineralize them using matrix vesicles within the 4-6 month bone formation 

period(65).  

A balance in bone resorption and formation is necessary for maintaining bone 

tissue homeostasis. Excessive bone resorption tips the balance towards osteopenia as seen 
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in some types of OI(72), whereas a significant reduction in bone resorption results in an 

osteopetrotic bone phenotype as seen in mice with loss of RANKL expression in 

osteocytes(43). 
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Figure I.2: Bone modeling. Movement elicits a bone response. Osteocytes within the 

lacunocalicular system perceive and transduce mechanical signals by secreting 

signaling molecules which direct bone formation (by osteoblast) or bone resorption 

(by osteoclast). A net positive bone formation increases bone mass and occurs 

primarily during childhood and puberty in a process known as modeling. Remodeling 

maintains bone homeostasis by coupling the actions of osteoclasts and osteoblasts, 

replacing old, worn-out bone with newly synthesized bone. Figure borrowed from 

Pearson and Liebemann, 2004 (64). 
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I.2 MUTATIONS IN BONE STRUCTURE AND PROCESSING 

Osteogenesis imperfecta 

Defects in type I collagen structure, processing and/or quantity can cause 

osteogenesis imperfecta (OI), a heritable and generalized connective tissue disorder that 

affects 1 in 10-15000 live births(5,6,73). Growth deficiencies, skeletal deformities, skeletal 

pain, bone fragility and an increased susceptibility to fracture are common 

manifestations(74,75). Muscle weakness is also associated with OI(76–78). In fact, 80% of 

type I OI patients have significant muscle weakness and decreased exercise tolerance 

relative to healthy peers (76). OI patients are also often shorter than family members who 

do not have OI(79). 

 OI is generally referred to as a collagen-related disorder. Approximately, 85-90% 

of dominantly inherited OI is caused by mutations in the COL1A1/COL1A2 genes 

whereas the remaining 10-15% is recessively inherited through defects in the collagen 

synthesis and mineralization pathway (74,80). The 1979 OI characterization scheme 

proposed by Sillence et al. groups OI into 4 classes based on radiographical and physical 

presentations(81). Type I patients present with osteoporosis, bone fracture, blue sclera and 

in adults, pre-senile deafness, and are considered mild OI. In type II, perinatal lethal OI, 

neonates die before or soon after birth and present with beaded ribs and broken femora. 

Type III is often referred to as the most severe survivable (most severe nonlethal) form of 

OI and is characterized by fractures at birth, progressive limb and spine deformity and 

short stature. Type IV patients experience moderately severe OI and present with 

osteoporosis, frequent fractures, and variable skeletal deformity but are ambulatory(81–83). 

The advent of genetic and molecular techniques identified additional causative mutations 
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unassociated with type I collagen structure alone, resulting in 12 more types of OI(5,6) 

(Table 1) and over >1000-known distinct OI causative mutations(84). The additional OI 

types are associated with deficient or abnormal collagen processing (post-translational 

modification, folding and cross-linking), bone mineralization, and osteoblast function(5,6). 

These are also often inherited in an autosomal recessive manner (Table 1). 

Quantitative defects in type I collagen generally lead to milder OI, whereas 

structural defects often result in more severe OI(48,74). Mutations that affect collagen 

structure and disrupt the formation of the triple helical structure slows transport through 

the golgi apparatus resulting in over modification and retention of abnormal collagen 

chains in the endoplasmic reticulum (ER), leading to ER stress(5,85). Mutations that 

substitute the critical glycine residue with a charged or bigger amino acid, or those that 

occur around the C-terminus often result in moderately severe disease phenotypes, 

whereas those occurring in the last 200 residues in the N-terminal result in less severe 

phenotypes(48,83). Further, mutations that impact cleavage sites for the removal of the N 

and C propeptide ends also compromise collagen integrity(5). Lastly, COL1A1 mutations 

are more lethal OI relative to those in COL1A2 due to collagen chain stoichiometry(48). 



 

Table 1: Types of OI and causative mutations (Adapted from Marini et al., 2017) 

Genetic Classification Gene/Encoded protein 
OI 
classification 

Pattern of 
inheritance 

Defects in Collagen 
structure 

COL1A1/COL1A2 I, II, III, IV AD 

Anomalous bone 
mineralization 

IFITM5 (Bone-restricted interferon induced transmembrane protein-like 
protein) 

V AD 

SERPINF1 (Pigment epithelium-derived factor) VI AR 

Defects in collagen post 
translational 
modification 

CRTAP (Cartilage-associated protein) VII AR 

P3H1 (Prolyl 3-hydroxylase 1) VIII AR 

PPIB (peptidyl-prolyl cis-trans isomerase B) IX AR 

Altered collagen 
crosslinking 

SERPINH1 (Heat shock protein 47) X AR 

FKBP10 (65kDa FK506-binding protein) XI AR 

BMP1 XII AD/AR 

Compromised osteoblast 
function 

SP7 (Osterix) XIII AR 

TMEM38B (trimeric intracellular cation channel type B) XIV AR 

WNT1 XV AR 

CREB3L1 (Old astrocyte specifically induced substance) XVI AD 

SPARC (osteonectin) XVII AR 

MBTPS2 (Membrane-bound transcription factor site-2 protease) XVIII AR 

18
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Current OI treatment strategies 

Successfully managing OI requires a multidisciplinary team of behavioral, 

physical and occupational therapists, social workers, physicians, orthopedic surgeons, 

speech and language therapists, neurosurgeons, psychologists and clinical nurse 

specialists working together to improve the quality of life of patients(86). 

Bisphosphonates, surgical rodding and physical therapy are the major managerial 

approaches for OI since a cure is currently elusive. While current management systems 

do not reverse the bone deformities or completely eliminate fracture rates, they reduce 

overall pain, decrease the frequency of fracture, increase mobility and improve the 

quality of life of OI patients(87). 

Bisphosphonates (BPs) are pyrophosphate analogs (P-C-P) that bind strongly to 

calcium crystals in bone and suppress bone resorption by inactivating osteoclasts, which 

endocytose BPs when ingesting bone-resorption by-products(88). Nitrogen-containing BPs 

are more potent and inhibit the farnesyl diphosphate synthase enzyme in the cholesterol 

biosynthesis pathway, leading to loss of prenylated proteins including prenylated 

GTPases, ultimately inhibiting vesicular trafficking, cytoskeletal dynamics and the 

formation of ruffled borders, leading to osteoclast apoptosis(88–91) (Figure 3). BPs without 

nitrogen functionality form non-hydrolyzable ATP analogs which accumulate within 

osteoclasts and become cytotoxic, impairing survival (88). BPs have high affinity for 

calcium crystals and high resistance to degradation, and can accumulate to high 

concentrations in bone since they have an approximately 6-10 year half-life in the human 

skeleton(92). 
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In general, short term BP use increases bone mass and density, decreases bone turnover 

and fracture incidence and improves pain and wellbeing in children and adults with 

OI(75,90,93–95). In adult osteoporotic patients, BP use has been associated with decreased 

fracture rates without rapid increases in bone resorption following BP cessation in 

postmenopausal women(92). Nonetheless, there is concern that since BPs selectively 

targets bone remodeling, long term use will result in the accumulation of micro-damaged 

bone(93,96,97). This is particularly concerning in growing children where BP 

discontinuation results in the formation of weaker less dense bone in contrast with the 

denser bone accrued during treatment, creating localized areas of increased bone 

fragility(8). Also, BPs, like the nitrogen-containing palmidronate, which is widely used in 

OI children, is associated with delayed bone healing after intramedullary rodding 

osteotomies(9). Further, caution has to be applied with BP use in females of child bearing 

age since BPs could cross the placenta, potentially affecting growing fetuses and causing 

hypocalcemia(96). Although previous Cochrane Database Systematic Reviews have failed 

to find sufficient evidence for the standardization of BP use in children with OI (due to 

conflicting clinical outcomes on pain, fracture reduction and quality of life 

improvements), a recent 2016 review echoed a call for additional studies evaluating the 

optimal duration for safe BP therapy in children(90,98,99).  

Intramedullary rods are surgically implanted in the bones of the upper and lower 

extremities and increase mobility, reduce the incidence of fracture and improve quality of 

life in people living with OI(100). Even so, complications can arise when rods are 

incorrectly placed within long bones or when rods bend or migrate into bone metaphyses, 

joints or soft tissue(100). These complications often necessitate additional surgical re-
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roddings. Further, as children outgrow the implanted rods, replacement 

surgeries/osteotomies become necessary. Nevertheless, medical and surgical innovations 

in the last 2 decades have improved the types of intramedullary rods available with 

telescoping rods replacing non-elongating rods and lessening the frequency of re-

operations while increasing safety and comfort in OI patients(11,100). 
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Figure I.3. Mechanism of action of nitrogen-containing bisphosphonates. Nitrogen-

containing BPs selectively inhibit the synthesis of FPP from 3-hydroxy-3-methylglutaryl 

coenzyme A (HMG-CoA), inhibiting downstream cholesterol biosynthesis and protein 

farnesylation and geranylgeranylation.   
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Murine models of OI 

The OI murine mouse (Col1a2oim, oim) is a widely used model with a deleterious 

nucleotide mutation which shifts the reading frame and changes the identity of the last 48 

amino acids at the C-terminal end of the α1(I) collagen propeptide(101). Consequently, oim 

bones consist of homotrimeric α1(I) collagen chains that form a disorganized bone ECM 

with considerably reduced tensile strength(101,102). Homozygous oim/oim mice experience 

multiple fractures and have osteopenia, cortical thinning, dorsal kyphosis and progressive 

skeletal deformity, modeling severe type III human OI(81,101). Further, oim/oim mice have 

biomechanically weaker bones with inferior microarchitectural integrity. Femurs and 

tibiae in oim/oim mice are considerably shorter than wildtype (Wt) femurs and tibiae, 

never attaining Wt lengths with age although microarchitectural and biomechanical 

improvements occur(103). The smaller sized bones in oim/oim mice have less collagen and 

more disorganized mineral matrix compared to Wt bones(103,104). At 6.5 months of age, 

male oim/oim femurs have elevated mineral to matrix ratios and decreased carbonate to 

mineral ratio(105), resulting in more brittle bones.  

Both homozygous and heterozygous (oim/oim and +/oim) mice have been employed in 

studies which have helped elucidate the pathogenesis of OI and the pathophysiological 

response of muscle and bone to therapeutics. Heterozygous +/oim mice possess 

intermediate femoral biomechanical strength and morphology relative to Wt and oim/oim 

mice and are useful for studying mild type I human OI(106,107). Oim/oim bones model 

observations from human studies where a larger number of osteoclasts have higher 

resorptive capacity, as well as large numbers of immature osteoblast progenitors which 

further increase osteoclastogenesis, and contribute to the observed bone phenotype 
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(108,109). Moreover, the discovery that an inherent muscle pathology is present in OI was 

first demonstrated in the oim model(110). Oim/oim mice have functionally inferior, smaller 

hind limb muscles with less fibrillar collagen, mitochondrial dysfunction, and a reduced 

capacity for exercise(110,111). Heterozygous +/oim mice have similar muscle weights as Wt 

mice, but exhibit a mild muscle pathology(110).   

The G610C mouse model of OI features a glycine to cysteine substitution in the 

Col1a2 gene, phenotypically and genetically modeling a group of 64 OI patients in the 

Old Order Amish community in Lancaster, Pennsylvania, USA. Heterozygote G610C 

(+/G610C) mice model mild to moderately severe human type I/IV OI(79). Since about 

80% of moderately severe to lethal OI arise from mutations in glycine residues within 

type I collagen chains(79), the G610C mouse is a good model for studying dominantly 

inherited OI. +/G610C mice have reduced body mass, biomechanically inferior femurs 

that are unable to withstand increasing loads, as well as hyper-mineralized bones with 

decreased BMD, bone volume, mass and total tissue mineral content(79). Lastly, healed 

fractures in +/G610C are biomechanically weaker, which has been attributed to abnormal 

fracture healing and decreased callus sizes(112). 

In 2016, Mirigian and colleagues demonstrated in the G610C mice that the abnormal 

collagen triple helix structure disrupted procollagen folding leading to over-modification 

of procollagen chains and increased retention time in the ER(85). This resulted in 

intracellular accumulation, ER dilation, increased cell stress and disruption of overall 

osteoblast function and maturation(85). Rescuing ER stress partially alleviated trabecular 

bone properties but did not affect cortical bone parameters or biomechanical strength(113). 

Furthermore, primary +/G610C osteoblast cells  deposit less relative collagen versus Wt 
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osteoblasts in vitro (85). Intracellular TGF-β signaling is also increased in +/G610C mice, 

with TGF-β signaling inhibition with a neutralizing antibody correcting the compromised 

bone properties to Wt levels(114). Lastly, long bones in +/G610C mice are shorter and 

possess hypertrophic chondrocytes at the growth plate with significant ER dysfunction 

which likely contributes to growth deficiencies(115).  

Although the oim mouse model is widely used, it models a rare cause of human OI, 

whereas the G610C mouse is a more representative model for many OI patients(79,116). 

Additional models like the Col1a1Jrt/+ and Crtap-/- mice provide additional OI genotype 

and phenotypes for study(117,118). The Col1a1Jrt/+ OI mouse is also an autosomal dominant 

OI mouse model, but differs from the G610C and oim in that it arises from a splice site 

mutation which results in deletion of an 18 amino acid sequence near the N-terminal end 

of proα1(I) collagen(117). Col1a1Jrt/+ mice exhibit skeletal, skin and tendon fragility and 

other manifestations clinically akin to combined type III/IV OI (moderate to severe OI) 

and Ehlers-Danlos Syndrome, (a connective tissue disorder characterized by joint laxity) 

as seen in a subset of OI/EDS patients(117). Cartilage associated protein (CRTAP) is part 

of the triplex prolyl 3-hydroxylase (P3H) complex which is associated with collagen 

post-translational modification(118,119). Mutations in CRTAP result in severe type II and 

VII OI with a recessive inheritance pattern(118–120). Crtap-/- mice exhibit a severe skeletal 

phenotype with brittle bones(118). 

Both the G610C and Crtap mouse models have elevated TGF-β signaling(114), and 

treatment with TGF-β neutralizing antibody improved OI bone phenotype in both 

+/G610C and recessive OI Crtap-/- mice. The more severe Col1a1Jrt/+ mouse however, 

which has high TGF-β signaling in bone tissue, failed to show improvements in bone 
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mass and strength in response to the same neutralizing antibody(121). Further, both 

+/G610C and Crtap-/- mice show increases in bone mass and strength with sclerostin 

antibody treatment, an anabolic bone therapy, although treatment was ineffective in the 

Col1a1Jrt/+ mice (118,122,123). The distinct molecular and genetic causes of OI as well as 

differences in disease severity contributes to variances in response to treatment and 

further suggests that treatment efficacies will differ based on disease severity, phenotype 

and causative mutation. 

MUSCLE - BONE INTERACTIONS 

Muscle - bone crosstalk 

Muscles and bones are physiologically linked at the genetic, biochemical and 

biomechanical (i.e. functional and anatomic levels) levels(124,125). First, muscle and bone 

cells are derived from the same mesodermal MSC lineage(124). Second, mechanical forces 

from muscle dictate bone strength and mass, with increasing muscle masses during 

growth stimulating bone modeling, concomitant with increases in bone strength, whereas 

disuse and bed rest lead to declines in muscle and bone function(12,126). Thus, skeletal 

muscle, constituting roughly 40% of body mass(127,128) (relative to the 15% of body 

weight accounted for by the human skeleton)(3), is a master influencer of bone geometry, 

mass and strength and without whose influence bone strength declines(12,14). This adaptive 

biomechanical property is dependent on the level of applied strain, with higher strains 

resulting in bone formation and lower strains linked to bone resorption(129) (Figure 2). 

Third, bone cells secrete ligands (osteokines) which impact muscle homeostasis whereas 

muscle cells secrete myokines which regulate bone growth and function(130–132). 

Conditioned media from primary osteocytes and the osteocytic MLO-Y4 cell line 
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increased muscle contractile force ex-vivo and induced myoblast differentiation in-vivo; 

possibly via osteocyte-triggered Wnt signaling induced intracellular Ca2+ signaling in 

myoblasts(131). This intricate connection makes the potential to improve neuromuscular 

and skeletal disorders dependent on understanding the physiological and pathological 

relationships between muscle and bone. 

Muscle-Bone Crosstalk: Biomechanical 

Whole body vibrations can stimulate bone formation, however, the majority of 

mechanical load capable of triggering bone formation comes from muscle contractions or 

loading(13,133). During growth, voluntary mechanical loading dictates bone strength, so 

that childhood bone disorders like severe OI which limit the ability of children to 

exercise, adversely affects bone strength(12). At around 30-40 years of age, muscle 

strength begins to decline(14). Bone, which no longer experiences maximum loading from 

muscle contractions, initiates significant remodeling to re-adapt to the decreased muscle 

strength, and then begins to steadily decline around 35 years of age, with inactivity 

furthering the decline(14).  

Within a few days of disuse or immobilization, muscle atrophy occurs(134–137). 

Changes in the expression of the forkhead box O (FOXO) and peroxisome proliferation-

activated receptor gamma coactivator 1 (PGC1) transcription factors and increased 

expression of ubiquitin ligases and autophagy markers quickly result in a 10% loss of 

muscle myofiber size after only 4 days of disuse or immobilization in mice(134). The 

balance is shifted from protein synthesis to protein degradation. Within four days of 

immobilization, contractile strength decreases regardless of age in mice(134), with younger 

mice experiencing more significant losses in myofiber size  (-19.9%) relative to aged 
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mice (-12.6%) by 14 days(135). Further, in mice sent into space (a microgravity 

environment) for 4 weeks, gene-metabolite networks that maintain immune fitness and 

muscle homeostasis are suppressed, concomitant with decreases in mitochondrial 

content(137).  

In humans, data suggest that a 4-6 week period of bed rest decreases muscle mass 

and accounts for a loss of up to 40% of muscle strength accompanied by significant 

losses in BMD(135) which is often not recovered after 6 months(135), underscoring the 

importance of normal weight bearing activity in the maintenance of musculoskeletal 

equilibrium. Thus, as an adaptive response to bed rest, spinal cord injury, spaceflights 

and prolonged period of immobilization, loss of mass and functional integrity of muscle 

and bone are incurred (126,138–140). Studies of paraplegics provide further evidence of the 

association between muscle atrophy and bone loss(141). Paralysis caused by spinal cord 

injuries which completely immobilizes and denervates lower extremities and atrophies 

muscle decreases femoral and tibial bone mass by at least 50% and 25% respectively, and 

likewise trabecular BMD (126,138).  

Muscle-Bone Connection: Biochemical 

Muscles secrete a myriad of autocrine and paracrine factors collectively known as 

myokines. These myokines affect tissue homeostasis and metabolism in bone, liver, 

muscle, fat and cardiac tissue(142,143). During exercise, myocytes release irisin, which 

effects changes in muscle and fat tissue, inducing thermogenic browning of adipose cells, 

regulating glucose homeostasis and whole body energy expenditure, blunting diet-

induced obesity, and promoting insulin resistance with the potential to improve metabolic 

diseases like diabetes(142). Irisin also increases mitochondrial content in muscle(143) and 
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has been shown to influence bone as well, increasing bone mass, strength and 

microarchitectural properties while also protecting against bone loss and facilitating early 

recovery of bone mass after murine hind-limb suspension, a model of muscle and bone 

disuse(144,145).  

Exercising muscles also secrete L-β-aminoisobutyric acid (L-BAIBA), which like irisin 

mediates insulin sensitivity, prevents diet-induced obesity and regulates thermogenic 

browning of white adipose tissue(143). In the hindlimb unloading rodent model, L-BAIBA 

also protected mice from loss of muscle mass and muscle contractile function(146). In 

bone, like irisin, L-BAIBA prevents bone loss during hindlimb unloading and ROS-

induced osteocytic apoptosis by upholding mitochondrial integrity(146).   

Lastly, muscles secrete myostatin, a member of the TGF-β superfamily of proteins with 

potent regulatory roles in muscle fiber number and size, which is further discussed in 

section I.4 below. 

Bone-derived factors that influence organ homeostasis are collectively called 

osteokines. FGF23(147), osteocalcin(148), lipocalin(149), RANKL, OPG, platelet-derived 

growth factor BB (PDGF-BB), vascular endothelial growth factor A (VEGFA)(3) and 

activin A(150) are a few known osteokines. Osteocytes secrete FGF23, which helps 

maintain serum phosphate levels and cardiac and kidney homeostasis(147,151). Also, 

osteoblasts secrete osteocalcin (OCN) which was suggested to be an endocrine hormone 

with extensive effects in the whole body energy and metabolism and adipose, bone, brain, 

muscle and liver tissue homeostasis although several studies have failed to show the 

robust influences of OCN in fertility, muscle mass or glucose metabolism as initially 

proposed(148). Nonetheless, OCN appears to have vascular roles, stimulating the 
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P13K/Akt/eNOS endothelial nitric oxide synthase pathway for vasodilation and 

protecting against ER stress in vascular endothelial cells and smooth muscle cells(152). 

Moreover, lipocalin-2, also secreted by osteoblasts, induces insulin secretion, promotes 

glucose tolerance and regulates satiation and food intake (149). Furthermore, OPG is a 

soluble decoy receptor to the osteoclastogenic marker RANKL that is produced by 

osteoblasts, osteocytes, and discovered more recently, in muscle cells(153). Recombinant 

OPG maintained muscle integrity in a murine model of Duchene muscular dystrophy 

(DMD) and increased extensor digitorum longus (EDL)-specific contractile force and 

endurance for physical activity(153). The RANK/RANKL pathway also appears to have 

roles in immunity, brain, sex hormone regulation in females and mammary gland 

regulation(154,155). Lastly, as previously indicated, bone releases a host of factors including 

RANKL, OPG, M-CSF, WNT, Sost, BMPs, etc. that regulate bone cell differentiation 

and activity. 

I.4 TGF-β LIGANDS IN MUSCULOSKELETAL REGULATION 

Current OI therapeutics have failed to fix the underlying genetic causes of the disease 

and have relied heavily on bone anti-resorption. The bone anabolic therapies parathyroid 

hormone (PTH) and anti-sclerostin monoclonal antibody have shown some promise in 

improving bone mass in mouse models of osteoporosis and OI(156,157). In osteoporotic 

patients, teriparatide (human PTH) reduced fracture incidence and improved bone 

microarchitecture(158). Randomized clinical trials with teriparatide show a bone anabolic 

response with sustained increases in BMD and estimated vertebral strength in patients 

with mild type 1 OI(158). Sclerostin antibodies have also fared well in clinical trials with 

osteoporotic patients, and provide hope for OI patients(159). Preliminary data from on-
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going clinical trials for OI (reviewed in table 2) show some efficacy for improving 

skeletal integrity in mild type I OI but not moderate or severe OI. Besides, PTH and anti-

sclerostin therapy are the only bone anabolic therapies currently in clinical trials.  

MSC transplantation therapy has also been considered an attractive alternative to treating 

OI. With this therapy, donor MSCs are administered intravenously after in-vitro 

expansion(160). While stem cell therapy can be administered prenatally or postnatally, and 

can potentially correct the genotype, it is currently an experimental therapy with low 

engraftment success rates, but arguably impressive outcomes if successful(160). Thus, 

further research is required to identify additional therapeutics to improve skeletal health 

in all forms of OI. 

 There exist several ligands in the TGF-β superfamily of proteins that regulate 

muscle and bone growth and function. Among them, myostatin and activin A are being 

considered in this dissertation for their ability to elevate muscle and bone properties in 

OI, as previously observed in osteoporotic and DMD mouse models(161–165). These 

observations and more are further discussed in the following sections. 

  



 

Table I.2: Ongoing clinical trials for OI. Data retrieved from Clinicaltrials.gov (January 2021) 

Drug 
Type of 

treatment 

Mechanism 

of Action 

Clinical 

trial 

phase 

Patient 

demographics 
Preliminary Study Outcomes 

ClinicalTrials.gov 

identifier 

Forteo 

(Teriparatide

) 

Human 

parathyroid 

hormone 

Anabolic 4 
Adult; 

All OI types 

Type I OI patients had robust 

improvements in BMD 
NCT00131469 

No significant treatment 

outcomes for type III/IV OI 

BSP804 

(setrusumab) 

Monoclonal anti-

sclerostin 

antibody 

Anabolic 2b 
Adult; 

All OI types 

Increased bone formation and 

decreased bone formation in 

moderate OI 

NCT01417091 

Fresolimuma

b 

TGF-β 

neutralizing 

antibody 

1 N/A 
Study is actively recruiting 

participants 
NCT03064074 

Denosumab 
Monoclonal anti-

RANKL antibody 

Anti-

Catabolic 
2 

Children; 

Type VI OI; 

Mixed ages; 

Type I 

Reduced bone resorption and 

enhanced longitudinal bone 

growth in children 

NCT01799798 

MSC 

Transplantati

on 

Pre- and/or 

postnatal MSC 

transplantation 

1/2 N/A 
Studies are actively recruiting 

participants 

NCT04623606/NCT

02172885 

Humatrope 
Growth hormone 

therapy 

Effects 

metabolic 

changes 

3 
Children; Type 

III/IV OI 

study completed, ongoing data 

analyses 
NCT00001305 

Romosozuma

b 

Anti-sclerostin 

antibody 
1 

Children and 

Adolescents; 

All OI types 

Trial to begin in 2021 NCT04545554 

Combined 

teriparatide 

and 

zoledronic 

acid 

4 

Adult OI 

patients, all OI 

types 

Study is actively recruiting 

participants 
NCT03735537 

32
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TGF-β Superfamily 

The TGF-β superfamily consists of multiple growth factors and ligands 

(approximately 30 members) with muscle and bone-regulatory functions, directing the 

development and proliferation of cells (166). Multiple subfamilies exist within this 

superfamily. These include the TGF-β, activin, GDF, BMP and Nodal subfamilies(17). 

Isoforms of TGF-β have been detected in mouse embryo cartilage, chondrocytes and 

osteocytes, and in adult mice, bone marrow cells, chondrocytes and cartilage(167). During 

both endochondral and intramembranous bone formation, several isoforms of TGF-β also 

persist in different cartilage zones and at mineralization sites(167). The Nodal subfamily 

regulates stem cell pluripotency during embryogenesis(17). Further, BMP subfamily 

members regulate skeletal development, influencing osteochondrogenic cell commitment 

to the osteoblast lineage(17). 

Activin A belongs to the activin subfamily and is a paracrine hormone with roles in 

bone metabolism(17,162). Structurally, activin A is a homodimeric molecule and consists of 

two β inhibin subunits (βA/βA) connected by a disulfide bone(168). The inhibin subunits 

are first synthesized as large precursor prepropeptides with an N-terminal prodomain and 

a C-terminal mature domain(168). Following dimerization, proteolytic cleavage by furin 

proteinases creates the biologically active dimeric activin A molecule(169). Inhibins, 

follistatin and follistatin-like proteins are natural inhibitors of activin A activity(168). 

Myostatin, also known as GDF8, is universally recognized as a negative regulator of 

muscle mass (15).  Conserved across species, myostatin shares 89% sequence homology 

with growth differentiation factor 11 (GDF11), another TGF-β  ligand (15,170,171).  
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Myostatin is initially synthesized by myocytes as a pre-promyostatin molecule composed 

of an N-terminal signal sequence (for secretion), an N-prodomain region (essential for 

proper folding of myostatin and subsequently proteolytically processed), and the 

biologically active C-terminal domain. The precursor pre-promyostatin must undergo 

proteolytic cleavage to form the biologically active myostatin molecule, which exists as a 

disulfide-linked dimer of two C-terminal domains(172,173) (Figure 4A).  The cleaved 

propeptide domain also plays a regulatory role through non-covalent binding to the active 

myostatin C-terminal domain to form an inactive latent myostatin complex(174). Other 

natural inhibitors of myostatin include follistatin, follistatin-like 3 (FSTL-3), and GDF-

associated serum protein 1 and 2 (GASP-1 and -2) (175).  

Activin A and myostatin preferentially bind type II receptors for which they have 

high affinities and will also bind type I receptors to effect signaling cascades through 

SMAD proteins(176). In its active form, myostatin binds and signals primarily through 

activin receptor type II B (ActRIIB), a serine/threonine kinase, which dimerizes with 

activin receptor-like kinase 4 (ALK4) while activin A favorably first binds ActRIIA and 

then recruits ALK4(162), effecting changes in the Smad signaling pathway (Figure 4B). 

Several studies in rodent and primate models and a few in human have pursued 

inhibiting activin A and/or myostatin. A few relevant studies have been compiled in 

Table 3. 
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Figure I.4. A) Pre-promyostatin is synthesized as a 375 amino acid peptide with a signal 

peptide domain and N- and C-terminal domains. Cleavage by furin proteases generate an 

active myostatin C-terminal dimer which can then form non-covalent complexes with the 

N-terminal fragments, becoming latent. B) Myostatin and activin A effect cellular 

changes via the type I/II activin receptors and intracellular Smad signaling cascades. 

 



 

Table I.3: Previous Research on myostatin and activin A inhibition in humans and rodent and primate models 

Author Species Condition Treatment Muscle Properties Bone properties 

Pearsall et al., 

2008 
Mouse 

Wt ActRIIA; 10mg/kg; 2X/wk; 

for 12 weeks 
N/A 

↑Bone formation, mass and 

strength OVX mice 

Carlson et al., 

2011 
mouse MDX; 30 days old 

ActRIIB (RAP-031); 

10mg/kg; 2X/wk; for 90 

days 

↑ Body and muscle 

mass 
N/A 

Pistilli et al., 

2011 
Mouse MDX; 4 weeks old 

sActRIIB-mFc (RAP-031) 

10mg/kg for 12 weeks 

↑ Mass and contractile 

strength 
N/A 

Arounlet et al., 

2013 
Mouse 

C57BL6; adult 

(24months old) 

Myostatin propeptide; 

20mg/kg for 4 weeks 
↑Mass and fiber size No effect on bone 

Chiu et al., 

2013 
Mouse 

Osteoporotic model 

(10 or 18 months old) 

ActRIIB-Fc; 2X/wk; for 30 

days 

↑ Mass and contractile 

function 

↑ BMD and serum bone 

formation markers in 10 

month old 

Bialek et al., 

2014 
Mouse 

Mstn-/-; BMP3-/-; Wt 

C57BL/6J; 8 weeks 

old 

Soluble mstn decoy 

receptor; 10mg/kg; for 4 

weeks 

↑ Mass 

↑ Femoral and vertebral 

BV/TV; and vertebral 

strength 

Neutralizing myostatin 

antibody; 60mg/kg; for 4 

weeks 

↑ Mass No improvements 

Toledo et al., 

2015 
Mouse 

C57BL6 cancer 

cachexia model 

Combination formoterol 

(muscle growth promoter) 

and ActRIIB 

Reversed muscle 

wasting 
N/A 

Bechir et a.,l 

2016 
Mouse MDX; 3 month old 

sActRIIB-mFc; 10mg/kg; 

2X/wk; for 8 weeks 

↑ Body and muscle 

mass; ↑ muscle force 

production 

N/A 

Tinklenberg et 

al., 2016 
mouse Neb cKO; 14 days old 

ActRIIB-mFc/RAP-031; 

10mg/kg once 

↑Body and muscle 

mass and myofiber 

size 

N/A 
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Author Species Condition Treatment Muscle Properties Bone properties 

Puolakkainen et 

al., 2017 
Mouse 

MDX; 6-7 weeks 

old 

ActRIIB-mFc; 

5mg/kg/wk for 7 weeks 
N/A 

↑ femoral bone volume, 

Tb.N,  vertebral bone 

mass; ↓ osteoclast number 

Nielsen et al., 

2017 
Mouse 

MDX; 6-7 weeks 

old 

ActRIIB (RAP-031 and 

RAP-435) 

↑myonuclei number and 

fiber cross section density 
N/A 

Morvan et al., 

2017 
Mouse SCID; 12 week old 

Anti- ActRIIA antibody 

↑ Mass 

N/A 

Anti-ActIIB antibody; 6 

or 20mg/kg/wk 
N/A 

Combined anti-

ActIIA/B antibodies 

(Bimagrumab) 

Maximal ↑ in body mass (16-

22%); muscle mass (18-

38%) and contractile 

function 

N/A 

Puolakkainen et 

al., 2017 
Mouse 

C57BL closed tibial 

fracture model; 12 

weeks old 

ActRIIB-mFc; 

10mg/kg; 2X/wk; for 2 

or 4 weeks 

N/A 

↑ Callus BV/TV, TB.N, 

BMD; strength and 

stiffness 

Nagy et al., 2018 Mouse Wt; 9 weeks old 

ActRIIB-mFc/RAP-

031; 10mg/kg; 2X/wk 

for 5 weeks 

↑ Mass, myofiber size and 

body mass 
N/A 

Jeong et al., 

2018 
Mouse 

C57BL/6 Wt; 8 

weeks old 

sActRIIB-mFc; 

10mg/kg; 2X/wk; for 8 

weeks 

↑ Masses in all models; 

↑contractile function in 

oim/oim only 

N/A 

OI (+/G610C; 8 

weeks old) 
N/A 

↑ BV/TV in all models; ↑ 

bone strength in 

+/G610C only 

OI (oim/oim); 8 

weeks old 
N/A 

↑ BV/TV in all models; ↑ 

bone strength in 

+/G610C only 
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Author Species Condition Treatment Muscle Properties Bone properties 

Tauer et al., 

2019 
Mouse 

OI (Col1a1JRT/+); 8 

weeks old 
Soluble ActRIIB specific to 

only ActA and Mstn (ACE-

2494); 10mg/kg 2X/wk for 4 

weeks 

↑ Mass 

↑ Bone length, geometry 

only 

Wt; 8 weeks old 
↑ Bone length, mass, 

strength 

Tinklenberg et 

al., 2019 
mouse 

Neb cKO; 14 days 

old 

ActRIIB-mFc/RAP-031; 

10mg/kg once 
No improvements N/A 

Catonguay et 

al., 2019 
Mouse 

C57BL/6NTac; 9 

weeks old 

Follistatin (FST288-Fc); 

2X/wk for 4 weeks. 

Localized muscle 

growth, where 

applied 

N/A 

Omosule et 

al., 2020 
Mouse 

OI (+/G610C); 5 

weeks old 
Anti-mstn antibody 

(Regn647); 10mg/Kg; 2X/wk 

for 11 weeks 

↑ Mass 

No improvements 

Wt; 5 weeks old 
↑ Bone volume and 

strength 

Morse et al., 

2015 
Rat 

Fracture Model; 8 

weeks old 

ActRIIA (ACE-011); 10mg/kg 

2X/wk (varying trt duration) 
N/A 

↑BMD and serum 

biomarkers of bone 

formation 

Lotinun et al., 

2010 

Cynomolgus 

monkeys 

ActRIIA (ACE-011);  

10mg/kg; 2X/wk; for 3 

months 

N/A 

↑ Trabecular bone 

volume, bone formation 

rate and osteoblast 

surface 

Guo et al., 

2017 

Macaque 

Monkey 

HIV model; 

Juvenile 

ActRIIB-mFc; 10mg/kg/wk 

for 12 weeks 
N/A 

↑ BMD and serum 

osteocalcin 

Sherman et 

al., 2013 
Human 

Post-menopausal 

Women 

ActRIIA (Sotatercept); 4 

doses (various concentration) 
N/A ↑Callus formation 

Attie et al., 

2013 
Human 

Postmenopausal 

women 

ActRIIB (ACE-031); 1 dose of 

0.02-3mg/kg 

↑ Mean total body 

lean mass 
N/A 
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Activin A in Skeletal Biology 

Activin A is abundant in bone matrix(150). Bone marrow stromal cells, 

macrophages, osteoblasts and osteoclasts express activin A(16), which regulates osteoblast 

and osteoclast differentiation (19). Activin A is considered an essential cofactor for 

osteoclastogenesis, enhancing Rankl- and Mcsf-stimulated TRAP-positive osteoclast 

formation in both murine bone marrow cells and RAW264.7 osteoclastic cells(16,17,161). In 

fact, soluble recombinant ActRIIA receptors ablate Rankl-induced osteoclast 

formation(16). Activin A also has a role in craniofacial development in mice(177). Activin 

A knockout mice are born with cleft palates, with no lower incisors or whiskers, and die 

within 24 hours of birth (177,178). 

Several studies reveal the anabolic effects of activin A on fracture healing(179). 

Topical activin A administration to fractures dose-dependently promotes increases in 

callus weight and volume at the fracture site in ovariectomized (OVX) rat fibulas, with 

callus specific-chondrocytes and osteoblasts strongly expressing activin(179). In addition, 

activin A implants further enhance BMP-2 and -3-stimulated ectopic endochondral bone 

formation in rats, although implants containing activin A alone did not induce bone 

formation(150).  

There are conflicting reports on the roles of activin A in bone formation. Low 

doses of activin A prevents age-related vertebral bone loss in rats by increasing vertebral 

biomechanical strength, bone mass, and BMD(161). Conversely, patients with multiple 

myeloma (MM) have increased circulating activin A, concomitant with increased bone 

resorption, bone disease and osteolysis(180). Treating human MM murine model (SCID-
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hu) mice with a soluble decoy receptor to activin A (RAP-011) restored trabecular bone 

volume fraction (BV/TV), increased osteoblast number per bone surface and decreased 

osteoclast number per bone area (181). Another soluble activin receptor type IIA fusion 

protein (ActRIIA.muFc) increased bone formation in vivo by stimulating 

osteoblastogenesis and decreasing osteoclastogenesis in the murine MM model 

(5T2MM)(182). Further, ActRIIA-mFc improved bone mass and strength in normal 

C57BL/6N mice but reversed the osteopenic bone phenotype in OVX mice(162). 

More controversy surrounds the effects of activin A on osteoblast function (162). 

Activin A inhibits osteoblast-directed mineralization in an autocrine, dose-dependent 

manner and decreases Alpl expression(183). Inhibiting activin A with follistatin reverses 

the inhibition, increasing matrix mineralization and Alpl activity(183). Activin A is also 

able to inhibit BMSCs differentiation into osteoblasts(181). In the latter study, Dlx5 and 

Smad2 expression were significantly diminished with activin A administration suggesting 

that activin A inhibits osteoblast differentiation via a Smad2-dependent Dlx5-inhibition 

pathway(181). BMSCs from MM patients had increased differentiation potential when 

treated with an activin A-neutralizing antibody(181). Further, in human osteoblast cells, 

activin A was shown to stimulate changes in miRNA and gene transcription, reducing 

matrix mineralization in vitro(184).Nonetheless, some studies show that activin A does not 

affect osteoblast activity or the expression of the osteoblast markers Runx2, type I 

collagen, osteocalcin and osteopontin(183).  

Activin A also performs some non-skeletal roles. In male and female reproductive 

biology, activin A maintains healthy estrogenic follicles in females and regulates the 

growth and maturation of Sertoli cells and germ cells in male testes(185). More recently, 
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data has emerged showing a correlation between increased serum activin A levels and 

muscle atrophy in chronic obstructive pulmonary disease (COPD), suggesting a 

contribution of activin A to muscle wasting(186). Further, myotubes respond to activin A 

treatment by upregulating ubiquitin ligases and autophagosome formation, and activating 

muscle catabolism via a p38β-MAPK-dependent signaling(187). 

Myostatin in Musculoskeletal Homeostasis 

Myostatin has been an attractive target for treating musculoskeletal dysplasias like 

osteoporosis, OI and Duchene muscular dystrophy (DMD) which are associated with 

compromised muscle and bone integrity since myostatin regulates muscle metabolism 

and homeostasis and likely affects bone cell function (15,188). Homozygous myostatin null 

mice (mstn-/-) have global increases in skeletal muscle mass and are about 30% larger 

than their Wt littermates(15). Inducing myostatin knock-out in the skeletal muscle of adult 

mice also increases muscle mass, suggesting that post-developmental changes in skeletal 

mass accrual can occur(189). In 2004, a loss of function mutation in the myostatin gene 

was reported in an infant(190). In addition to significant reductions in his subcutaneous fat 

pads (i.e. decreased adiposity), the cross-sectional area (CSA) of his quadriceps was 7.2 

SD above the mean CSA of his age matched cohort. Superior muscle strength and mass 

was observed when he was about 4 years old, shown in his ability to horizontally suspend 

two 3 kg dumbbells(190).  

Therapeutic myostatin inhibition may improve lean muscle masses in sarcopenic or 

muscle-loss related disorders by changing body composition, favoring lower fat masses 

and increased dietary fat utilization for skeletal muscle growth, glucose utilization, 
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insulin sensitivity, and lean muscle mass (191–196). Mstn-/- mice also exhibit lower resting 

metabolic rates, normal body temperatures and normal food intake(195), although 

myostatin deficient mice (mstn+/-) are hyper-metabolic even though they have relatively 

low activity levels, increased energy expenditure even with normal food intake, and are 

more sensitive to leptin (leptin is a regulator of metabolism)(197). Changes in body 

composition with myostatin inhibition are not limited only to genetic origins. 

Pharmacologically-induced myostatin inhibition in aging mice increased lean muscle 

mass relative to control mice(198). Also, postnatal pharmacological myostatin inhibition 

has been pursued in many murine and primate species and have resulted in increased 

muscle masses(20–22,199,200). 

Newborn myostatin null mice (mstn-/-) have larger vertebral bone volume fraction 

(bone volume/total volume; BV/TV), due to increased bone volume (BV), trabecular 

thickness (Tb. Th), BMD, and improved cortical bone feature [bone area (BA),tissue 

mineral density (TMD)]  compared to newborn wild type (Wt) mice(201). Ossification in 

the cranium and sternum is also significantly enhanced(201). The superior bone 

microarchitectural properties observed at birth in mstn-/- mice were maintained at 10-

weeks of age, as reflected by higher BV, BMD and bone mineral content (BMC) 

compared to aged-matched Wt mice. In addition, BV, cortical thickness and TMD in 

tibiae and vertebral BMD were elevated in the 10 week old mstn -/-  mice(201). Similarly, 

primary mstn-/- chondrocytes express significant amounts of Col10a1 mRNA, a marker of 

hypertrophic chondrocytes (201) further supporting a role for  myostatin in the regulation 

of bone development. 
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Studies by Hamrick and colleagues have revealed enhanced skeletal phenotypes in 

mstn-/- and mstn -/+ mice(202,203). These skeletal augmentations were observed at regions of 

muscle insertion and linked to bone’s biomechanical interactions with the increased 

muscle masses (mechanosensation). For example, triceps and deltoid muscles at the 

deltoid crest (point of insertion) in mstn-/- mice were significantly larger than in Wt mice. 

At the points of insertion of these muscles onto the humerus, higher cortical BA, BMC 

and periosteal circumference were observed(202). Thus, in mice, increased femoral BMD 

is associated with the absence of myostatin(204). Lastly, myostatin directly regulates bone 

cell metabolism and differentiation(205).  

The data regarding the relationship between serum myostatin and aging in humans is 

mixed(206,207). In a survey of elderly Chinese men and women, plasma myostatin levels 

correlated with lean body mass (LBM), suggesting that the amount of circulating 

myostatin is dependent on the amount of lean muscle present(208). The research subjects 

were then divided into a low BMD and high BMD group. The relative abundance of 

myostatin was lower in the high BMD group compared to the low BMD group, 

supporting a negative relationship between circulating serum myostatin levels and lean 

muscle mass(208). Further, a study of 254 older men and women in Japan showed no 

significant differences in serum myostatin between males and females, although 

sclerostin and osteocalcin showed sex-specific differences(209).  In addition, myostatin did 

not correlate with age in either men or women, or were any correlations found with 

height, weight, body mass index (BMI), or grip strength(209). However, the authors noted 

they were unable to distinguish between active and inactive myostatin in their study and 

cited this as a potential reason for the absence of correlations(209). Moreover in anorexia 
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nervosa (AN), adolescents often have low BMD with low body weights(206). Serum 

myostatin levels did not correlate with BMD levels in AN patients whereas it was the 

serum levels of GDF11 which negatively correlated with BMD in AN patients(207).  

Pharmacologic agents are able alter myostatin serum levels and could potentially 

impact the homeostatic state of the body(210). Denosumab and zoledronic acid are potent 

bone antiresorptive agents that increase BMD and decrease fracture risks in osteoporosis. 

Denosumab is a human monoclonal antibody against RANKL, and works by inhibiting 

RANKL-induced osteoclastogenesis(211); zoledronic acid is a third generation 

bisphosphonate that inhibits the key osteoclast enzyme farnesyl pyrophosphate 

synthetase(212,213); and teriparatide is an osteo-anabolic agent also used to improve 

skeletal integrity. In a study comparing the effect of denosumab on BMD after pre-

treatment with either zoledronic acid or Teriparatide, Tsourdi et al., also looked at 

baseline serum myostatin levels and how they compared after 6 months and 12 months of 

denosumab administration(210). Teriparatide treatment significantly lowered serum 

myostatin levels in postmenopausal women. This decrease was maintained 6-months and 

12-months following Denosumab administration.  The administration of denosumab 

alone in the treatment naïve group of postmenopausal women did not impact serum 

myostatin levels although lumbar spine BMD was significantly increased(210). 

Additionally, pre-treatment with zoledronic acid did not impact serum myostatin levels at 

baseline, only in combination with denosumab after 12 months(210).  

Myostatin in Bone Cell Biology 
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Newborn myostatin null mice (mstn-/-) possess superior bone microarchitectural 

properties which are maintained even at 10 weeks of age(201). Osteoblasts, fibroblasts, 

bone-marrow derived stromal cells, chondrocytes and bone-marrow derived 

mesenchymal stem cells (BMSCs) express the membrane receptor ActRIIB to which 

myostatin preferentially binds(203,214). Primary murine calvarial osteoblasts exhibit a dose 

dependent response to myostatin as evidenced by decreasing differentiation and 

mineralization with increasing myostatin. Alkaline phosphatase activity and osteocalcin 

secretion were both decreased, as well the expression of the osteoblast transcription 

factors, runt related transcription factor 2 (Runx2) and osterix (Osx) (215).  

In an elegant phenotypic characterization study, Suh and colleagues showed that 

primary mstn-/- osteoblasts exhibit enhanced differentiation as shown by the upregulated 

expression of the osteogenic markers; Runx2, transcription factor 7 (Sp7), alkaline 

phosphatase (Alpl), osteocalcin (Bglap), bone salioprotein 2 (Ibsp) and osteopontin 

precursor (Spp1) relative to Wt primary osteoblasts (201). Also, bone morphogenetic 

protein 2 (Bmp2), Smad-1 and -9 and insulin growth factor 1 (IGF-1) were 

elevated(201,214).  BMSCs from mstn-/- mice also had higher differentiation potential versus 

Wt BMSCs. While mechanical stimuli increased the expression of Runx2, IGF-1, Bmp2 

and periostin (Osf-2), addition of exogenous recombinant myostatin did not change the 

osteogenic potential of mstn-/- BMSCs in vitro(214). Pre-treatment with recombinant 

myostatin however, diminished the expression of osteogenic markers in mstn-/- BMSCs 

when mechanically stimulated(214). Further, exogenous myostatin inhibited proliferation 

in human fetal osteoblasts (hFOBs) in a dose dependent manner as reflected by decreased 

Alpl, Bglap, and Runx2 mRNA levels(208). Lastly, Wt C57BL6/J males and female mice 
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exhibited increased femoral osteoblast number when treated with a soluble activin 

receptor type IIB decoy molecule (sActRIIB-mFc) designed as a ligand trap for 

circulating myostatin (19). Female Wt mice also exhibited increased periosteal 

mineralizing surface (MS/BS), mineral apposition rate (MAR) and bone formation 

rate(19).  

Both precursor and mature osteoclasts, but not macrophages express myostatin(216). In 

osteoclasts, myostatin simultaneously activates ERK-dependent osteoclastogenic target 

genes independent of ERK while stimulating pSMAD2-dependent nuclear translocation 

of nuclear factor of activated T-cells (NFATC1)(216). This culminates in increased 

expression of the key osteoclastogenic genes for integrin αv, integrin β3, DC-STAMP 

and the calcitonin receptor(216).  

Primary mstn-/- osteoclasts have decreased expression of the osteoclastogenic markers: 

Nfatc1, Fos, Src, tartrate-resistant acid phosphatase type 5 precursor (Acp5) and 

Cathepsin K (Ctsk)(201). Treatment with recombinant myostatin increased TRAP-positive 

multi-nucleated osteoclasts, enhanced TRAP activity and increased Nfatc1 expression in 

a dose dependent manner(215). To further explore the potential of myostatin to directly 

regulate osteoclastogenesis, Dankbar et al. differentiated bone marrow macrophages 

(BMMs) into osteoclasts in the presence of myostatin using the receptor activator of 

nuclear factor κB ligand (RANKL) and macrophage colony stimulating factor (M-CSF), 

two critical ligands in osteoclast formation(217). Resultant osteoclasts were larger with 

increased cytoplasmic compartments (x8) and more nuclei (x7) implying that myostatin 

considerably augments RANKL-induced osteoclastogenesis(216). In addition, BMMs from 

mstn-/- mice were smaller, less proliferative (-44%), and had half the number of nuclei as 
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BMMs from Wt mice. Although mstn-/- osteoclasts generated a larger number of 

resorption pits in vitro, no differences in resorption area per pit were observed. Thus, 

myostatin stimulates osteoclastogenesis, but does not appear to impact osteoclast 

activity(216). Further, to investigate the effect of mstn-/- osteoblastic ligands on 

osteoclastogenesis, mstn-/- osteoblasts were co-cultured with Wt BMMs(216). This resulted 

in the formation of 90% less osteoclasts compared to a co-culture of Wt osteoblasts with 

Wt BMMs. Likewise, mstn-/- BMMs co-cultured with Wt osteoblasts resulted in 50% less 

osteoclasts. Osteoclastogenesis and likewise skeletal metabolism are likely regulated by 

myostatin(216). Lastly, histological analyses of Wt C57BL6/J mice treated for 11 weeks 

with the soluble activin receptor type IIB decoy molecule (sActRIIB-mFc), also revealed 

decreased osteoclast activity in female mice only(19). Additional histological 

characterization of mstn-/- tibias revealed a 34% decrease in osteoclast number(216). 

Osteocytes, considered as both mechanosensors and mechanotransducers, constitute 

about 95% of bone cells. Osteocytes relay mechanical signals from normal loading or its 

absence by secreting factors that influence osteoblast and osteoclast function. Myostatin 

can directly modulate key transcriptional and osteogenic factors at both the 

transcriptional and translational levels(40). Treatment of the osteocytic cell-line Ocy454 

with recombinant myostatin upregulated the mRNA and protein levels of sclerostin 

(Sost), dickkopf-1 (Dkk1) and RANKL, inhibitors of the WNT/β-catenin signaling 

pathway(188). MicroRNAs are small single-stranded noncoding RNAs with regulatory 

roles in biological pathways(188). In bone cells, miRNAs have been shown to have 

regulatory impacts in cellular function and differentiation(188). MicroRNA-218 (miR-218) 

regulates the WNT pathway and inactivates Sost and Dkk2 during osteoblast 



48 
 

differentiation(218). Osteocytes treated with myostatin expressed less miR-218; and 

released osteocytic exosomes (30-100nm microvesicles) also had less miR-218, 

consistent with increased expression of Sost and Dkk2(188). MC3T3 preosteoblastic cells 

administered the resulting myostatin-modified osteocytic exosomes were less likely to 

differentiate and had lower levels of the activated β-catenin protein(188). In contrast, the 

myostatin-modified osteocytic exosomes did not impact osteoclast proliferation and 

differentiation(188). Therefore, these studies suggest myostatin impacts bone metabolism 

by regulating osteocytic control over osteoblast differentiation. 

Pre- and Post-natal Influences of Inhibiting Myostatin and Activin A in OI Bone 

Functional muscle deficits have been identified in children with mild to moderate OI 

even when their relatively smaller muscle masses have been taken into account(219,220). 

Thus, treatments that improve both muscle and bone properties in OI regardless of the 

underlying mutation or disease severity promise to be beneficial. Several mouse models 

representing different mutations and OI disease severities have been challenged with 

genetic or pharmacological inhibition of myostatin alone or in combination with other 

TGF-β ligands including activin A(19–21,84,200,221). In a recent study by Oestreich and 

colleagues, Wt and +/oim offspring born to myostatin deficient dams exhibit improved 

skeletal phenotypes in adulthood compared to those born to Wt and +/oim dams (221). To 

investigate whether intrinsic biological processes pre- or post-implantation were driving 

the changes, +/oim embryos were transferred to +/mstn dams and +/oim dams (control) 

at d3.5 gestational age. Offspring born to recipient +/mstn dams also had increased 

femoral strength in adulthood as compared to offspring born to recipient +/oim dams 

suggesting that reduced maternal myostatin levels could confer skeletal advantages to 
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offspring post-conception, but before birth(221). In another study, congenic myostatin 

deficiency increased body and muscle weights and significantly improved femoral 

biomechanical strength in +/oim mice(84). Changes in the physiochemical and 

microarchitectural properties of bone were also observed in oim/oim mice with post-natal 

pharmacological inhibition of myostatin and other TGF-β ligands with ActRIIB-ligand 

traps, although to a lesser extent(19,21). Muscle mass and function were also augmented(19–

21). Postnatal treatment of +/G610C mice with sActRIIB-mFc also increased femoral 

bone volume and strength, and muscle masses(19,20). 

Treatment of Wt and Col1a1Jrt/+ mice and with the ACE-2492 ActRIIB ligand trap, 

designed to bind only myostatin and activin A, resulted in dose-dependent increases in 

mass of hindlimb muscle groups(200). A dose dependent increase in femoral length was 

also observed with ACE-2492 treatment relative to control. Additionally, ACE-2492 

treated Col1a1Jrt/+ mice exhibited increased periosteal and endocortical femoral 

diameters; and polar moment of inertia, similar to that seen with ActRIIB-mFc treatment 

in +/G610C mice(19). However, biomechanical strength was not improved, and no 

significant microarchitectural changes in vertebrae were observed in Col1a1Jrt/+ mice(200). 

The variable responses of these molecularly distinct OI mouse models to potential 

therapeutic agents was evident in other studies employing therapeutic ligands like TGF-β 

and sclerostin neutralizing antibodies, thus further necessitating a precision medicine 

approach to treating OI(118,121,222). More importantly, the evidence from these studies 

further validate myostatin’s potency in muscle regulation. It also suggests that postnatal 

administration of myostatin alone may be inadequate to elicit significant bone responses 

in OI. Acting in concert with other TGF-β ligands and perhaps the current anabolic and 
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bisphosphonate therapies for OI, myostatin may more significantly impact postnatal 

musculoskeletal properties. A recent 2017 study puts this into practice(156). In this study, 

Little and colleagues tested the efficacy of the anabolic sclerostin antibody treatment 

(Scl-Ab), a bisphosphonate (zoledronic acid, ZA), or combination of both ZA and Scl-Ab 

in skeletal properties of +/G610C mice. The combined treatment improved bone strength 

in +/G610C to Wt levels; and increased cortical thickness and tissue mineral density. Scl-

Ab alone failed to improve tibial BMD, but increased trabecular bone 

microarchitecture(156). An on-going clinical trial of zoledronic acid and Teriparatide seeks 

to investigate if the combined treatment approach will improve skeletal properties in 

human OI (NCT03735537). 

Nonetheless, the study by Oestreich et. al (221) suggests that decreasing circulating 

maternal myostatin levels alters the uterine environment and could potentially induce 

more skeletal gains in offspring skeletal phenotypes in OI. Thus, further work 

characterizing the impact of decreasing maternal myostatin levels on fetal 

musculoskeletal outcomes remains to be undertaken, even though promising prenatal 

therapy is still far in the future and current patients and those diagnosed postnatally need 

help. It is however important to note that given the wide genetic and phenotypic 

variability that characterizes OI, multiple treatment approaches may be necessary to 

adequately improve associated musculoskeletal deficits.  
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RESEARCH GOALS AND OBJECTIVES 

Functionally and anatomically, muscle and bone are connected. Their shared 

endocrine functions and pathways are evident in the secretion of autocrine and paracrine 

ligands(223). Further, mechanical forces from muscle dictate bone strength and mass(12,14). 

Thus, during growth, increasing muscle masses stimulate bone modeling with resultant 

increases in bone strength whereas disuse and bed rest lead to muscle atrophy and 

negatively impact bone strength.  

Osteogenesis Imperfecta (OI) is a heritable genetic connective disorder that arises 

from alterations in type I collagen structure or processing resulting in fragile bones that 

break with minimal trauma. Classical autosomal dominant OI is grouped into 4 types 

according to disease severity: I (mild OI); II (perinatally lethal OI); III (most severe 

survivable form of OI); and IV (moderately severe OI)(81). Functional muscle deficits 

have been identified in children with mild to moderate OI even when their relatively 

smaller muscle masses have been taken into account(219,220). Thus, treatments that 

improve both muscle and bone properties in OI regardless of the underlying mutation or 

disease severity promise to be beneficial. Several mouse models representing different 

mutations and OI disease severities have been challenged with genetic or 

pharmacological inhibition of myostatin alone or in combination with other TGF-β 

ligands including activin A(19–21,84,200,221). The Col1a2oim mouse arose from a spontaneous 

mutation in Col1a2 resulting in a non-functional protein.  Heterozygote oim (+/oim) mice 

model mild human OI whereas homozygote oim (oim/oim) model a severe phenotype. 



52 
 

The G610C OI mouse model features a glycine to cysteine substitution, also in the 

Col1a2 gene and is phenotypically similar to type I/IV OI patients in an Old Order Amish 

community in Pennsylvania(79). Congenic inhibition of myostatin in heterozygote 

+/G610C mice increased muscle masses beyond Wt levels and improved overall bone 

volume(224). Postnatal treatment of +/G610C mice with sActRIIB-mFc also increased 

femoral bone volume and strength, and muscle masses(19,20). 

The regulatory impact of myostatin in murine muscle mass and fiber number is 

clearly evidenced by the impact of its inhibition on muscle hypertrophy and regeneration 

in mstn-/-, OI, Duchenne muscular dystrophy (DMD) and osteoporotic mouse models. 

Pharmacological myostatin inhibition, particularly using ActRIIB ligand traps which 

inhibit multiple ligands, activin A and myostatin included, more potently affects the 

musculoskeleton than myostatin inhibition alone, suggesting a more combinatorial 

approach of inhibiting specific ActRIIB ligands in addition to myostatin inhibition is 

warranted. Since post-natal myostatin primarily affects muscle fiber hypertrophy, the 

potency of ActRIIB ligand traps in improving bone microarchitecture and strength is 

likely a collective result of increased mechanosensing due to larger muscle loads and 

changes to bone metabolism including those stimulated by activin A and other TGF-β 

ligands. 

The work presented in the subsequent chapters builds up on previous research 

showing that a soluble type IIB decoy receptor (sActRIIB-mFc) improves muscle mass 

and function plus bone volume in the oim/oim mouse while increasing muscle mass, bone 

volume and bone strength in +/G610C mice(19,20). In the study by Jeong et al., 8 week old 

male and female Wt, +/G610C and oim/oim mice were administered sActRIIB twice 
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weekly for 8 weeks. sActRIIB is specific for multiple ligands including activin A and 

myostatin, making it impossible to determine which ActRIIB target ligand robustly 

controls postnatal bone homeostasis. This is particularly important as clinical trials using 

the humanized ActRIIB decoy receptors in boys with DMD and postmenopausal women 

were prematurely terminated due to adverse events related to bleeding(18,23). The bleeding 

episodes were attributed to the promiscuity of sActRIIB for multiple ligands, including 

BMP9 and 10, which have angiogenic roles(225). 

In chapters II and III, the efforts undertaken to further investigate two of the 

prominent sActRIIB target ligands with known musculoskeletal effects; myostatin and 

activin A, are presented. Chapter II explores pre- and post-natal myostatin inhibition and 

its effects on muscle mass, bone cortical and trabecular microarchitecture and bone 

strength in +/G610C mice. In our postnatal study, 5 week old male and female Wt and 

+/G610C mice were treated with a monoclonal antibody with high specificity for 

myostatin (Regn 647, Mstn-Ab) for 11 weeks. Our data showed that prenatal/congenic 

myostatin inhibition resulted in greater bone improvements that post-natal myostatin 

inhibition. This may reflect myostatin’s control over MSC differentiation, effecting 

genetic changes early on relative to the postnatal study where treatment was initiated at 5 

weeks of age. Since muscle masses in both the congenic and post-natal were increased, 

but bone strength not remarkably improved in either, this suggests that inhibiting 

myostatin alone may be insufficient in improving skeletal integrity in OI. Interestingly, 

Wt male mice had noteworthy improvements in both bone microarchitecture and 

strength, suggestive of the potential benefit of myostatin neutralizing therapy for 
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improving skeletal strength and microarchitecture in disorders like osteoporosis where 

peak bone mass influences one’s risks of disease acquisition. 

In chapter III, we pursue a combinatorial myostatin and activin A inhibition strategy 

in comparison with activin A inhibition alone or myostatin inhibition alone (chapter II) or 

control antibody. Activin A is a pro-osteoclastogenenic molecule which also inhibits 

osteoblast differentiation(16,185). Five-week-old Wt and +/G610C mice are treated with a 

monoclonal anti-activin A antibody (ActA-ab) or a combinatorial treatment regimen 

inhibiting both activin A and myostatin (Combo) to further investigate the potential of 

driving beneficial musculoskeletal changes in OI with a combinatorial treatment regimen. 

In appendix A, data on the muscular and whole body metabolic properties of male 

and female oim/oim mice treated with either Mstn-Ab, ActA-Ab or combo are presented. 

Appendix B highlights contributory work on the impact of sActRIIB treatment on gene 

expression in osteoblasts, osteoclasts and osteocytes in Wt, +/G610C and oim/oim mice. 
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CHAPTER II 

 

IMPACT OF GENETIC AND PHARMACOLOGIC INHIBITION OF MYOSTATIN IN 

A MURINE MODEL OF OSTEOGENESIS IMPERFECTA 
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Abstract 

Osteogenesis imperfecta (OI) is a genetic connective tissue disorder characterized 

by compromised skeletal integrity, altered microarchitecture and bone fragility. Current 

OI treatment strategies focus on bone anti-resorptives and surgical intervention with 

limited effectiveness, and thus identifying alternative therapeutic options remains critical.  

Muscle is an important stimulus for bone formation. Myostatin, a TGF- 

superfamily myokine, acts through ActRIIB to negatively regulate muscle growth. Recent 

studies demonstrated the potential benefit of myostatin inhibition with the soluble 

ActRIIB fusion protein on skeletal properties, although various OI mouse models 

exhibited variable skeletal responses. The genetic and clinical heterogeneity associated 

with OI, the lack of specificity of the ActRIIB decoy molecule for myostatin alone, and 

adverse events in human clinical trials further the need to clarify myostatin’s therapeutic 

potential and role in skeletal integrity. 

In this study, we determined musculoskeletal outcomes of genetic myostatin 

deficiency and postnatal pharmacological myostatin inhibition by a monoclonal anti-

myostatin antibody (Regn647) in the G610C mouse, a model of mild-moderate type I/IV 

human OI. In the postnatal study, 5 week old wildtype and +/G610C male and female 

littermates were treated with Regn647 or a control antibody for 11 weeks or for 7 weeks 

followed by a 4 week treatment holiday. Inhibition of myostatin, whether genetically or 

pharmacologically, increased muscle mass regardless of OI genotype, although to varying 

degrees. Genetic myostatin deficiency increased hindlimb muscle weights by 6.9-34.4%, 

whereas pharmacological inhibition increased them by 13.5-29.6%.  Female +/mstn 
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+/G610C (Dbl.Het) mice tended to have similar trabecular and cortical bone parameters 

as Wt showing reversal of +/G610C characteristics, but with minimal effect of +/mstn 

occurring in male mice. Pharmacologic myostatin inhibition failed to improve skeletal 

bone properties of male or female +/G610C mice, although skeletal microarchitectural 

and biomechanical improvements were observed in male wildtype mice. Four week 

treatment holiday did not alter skeletal outcomes. 

Key Words:  

Preclinical Studies, Osteogenesis Imperfecta (OI), TGF-β, Bone-muscle interactions, 

COL1A2.  
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Introduction 

Osteogenesis imperfecta (OI), commonly known as brittle bone disease, is a rare 

connective tissue disorder which affects 1:15,000-20,000 live births(6). The majority of 

the deleterious variants in autosomal dominant OI occur in type I collagen genes, leading 

to quantitative and/or qualitative defects in collagen. Variants responsible for the 

recessive forms of OI generally occur in genes responsible for regulating the post-

translational modification and folding of collagen, osteoblast differentiation and skeletal 

ossification and mineralization(6,226). Patients with OI experience multiple fractures, 

exhibit altered bone microarchitecture and have significantly lower bone mineral density 

(BMD) and mass(227,228). Currently, surgical interventions and the use of anti-resorptive 

drugs, the standard of care for OI, have limited success(84,226). The most commonly used 

anti-resorptive drug, bisphosphonates (BPs), increase trabecular number and bone 

mineralization and decrease bone turnover(229,230). However, continued usage can prolong 

bone healing after osteotomies(9) and impair metaphyseal modeling in children(231). Also, 

data on the efficacy of BPs in improving clinical outcomes including bone pain and 

fracture rates are incomplete(99). Besides, surgical complications, immobilization during 

healing and instances of surgical rodding failures(10) make it vital to continue to pursue 

more effective treatment approaches.  

The musculoskeletal system is a hive of cytokine production and metabolic 

activity(130). Skeletal muscle produces myostatin(15), irisin(142), and insulin growth factor 

(IGF-1)(146,232) which regulate the osteogenic potential of bone; whereas bone-derived 

factors such as osteocalcin(233) and WNTs(131)  have direct effects on muscular 

function(146). The functionality of bone and muscle are biochemically and 
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biomechanically tied. The mechanostat theory postulates that the skeleton will 

continually adapt to increasing physiological loads, suggesting that increasing muscle 

mass is a stimulus for improving bone mass and strength(12) while decreasing loads 

results in bone loss(234). Consequently, in the pursuit of alternative treatments for genetic 

and idiopathic disorders of the musculoskeletal system including sarcopenia, OI, and 

Duchenne muscular dystrophy (DMD), a major goal is to increase overall muscle mass to 

exploit the synergy between bone and muscle(18,19,84,147,235). This has led to the exploration 

of the therapeutic potential of myostatin inhibition.  

Myostatin is a TGF-β superfamily member and known regulator of muscle mass 

in humans(18), other primates(22), cattle(236) and rodents(15). Myostatin null mice (mstn-/-) 

exhibit skeletal muscle hyperplasia and hypertrophy(15). Additionally, pharmacologic 

reduction of myostatin significantly increases muscle mass(20–22,237). Myostatin deficiency 

also improves insulin sensitivity and glucose uptake in skeletal muscle(192). As a result, 

therapeutics targeting the reduction of endogenous myostatin have been explored for their 

potential to improve muscle mass in murine models of aging(237) and diseases such as 

OI(20,21) and DMD(238). The focus of many of these studies has primarily been on muscle, 

with much less emphasis on the direct and/or indirect effects of myostatin inhibition on 

bone(22,215,235). Myostatin knockout mice have increased trabecular bone volume, 

trabecular number and trabecular thickness in distal femora(202). In 2016, Oestreich et al. 

also reported that congenital deficiency of myostatin improves femoral bone strength in 

adulthood in both wildtype and heterozygote osteogenesis imperfecta murine model 

(+/oim) offspring(221).  
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Likewise, inhibitors and decoy receptors to myostatin, such as follistatin(239,240), 

the soluble activin type IIB decoy receptor (sActRIIB-mFc) and ACE-031 (ActRIIB-

IgG1) have anabolic effects on bone following postnatal treatment in male and female 

C57BL/6J Wt mice, as well as in mstn-/-(236,241), bone morphogenic protein 3 null (Bmp3-/-

)(241) and +/G610C mice(20,241). However, when these striking enhancements to bone 

strength and muscle mass by the decoy receptors were explored in human clinical trials, 

particularly in studies of the ACE-031 receptor decoy in young boys with DMD(18) and 

postmenopausal women(23), adverse effects of telangiectasias and gingival bleeding, 

among others, were reported. These effects were attributed to the overlapping activin 

receptor type IIB (ActRIIB) usage by multiple TGF-β superfamily members(242) leading 

to cross-reactivity of the decoy receptor with activins, other growth differentiation 

factors, and ligands involved in angiogenesis such as bone morphogenic proteins 9 and 

10(225). To potentially avoid these negative adverse effects, we have pursued, in the 

following study, myostatin inhibition using a monoclonal humanized antibody 

(Regn647), which does not cross-react with other TGF-β ligands and is highly specific 

for myostatin. Specifically, we determine the effect of this pharmacologic myostatin 

inhibition to the effect of genetic myostatin deficiency on muscle and bone mass and 

function in the G610C mouse model of mild to moderate human OI.  

The G610C murine OI model features a glycine to cysteine amino acid transition 

at position 610 of the triple helical domain of the α2(I) chain of type I collagen(79). The 

G610C mouse is a knock-in mouse that replicates a COL1A2 gene variant in 64 OI 

individuals in an Old Order Amish kindred in Lancaster County, Pennsylvania(79). 

Heterozygous +/G610C mice exhibit lower femoral bone mineral content (BMC), polar 
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moment of inertia (pMOI), trabecular bone volume fraction (BV/TV) and biomechanical 

strength; similar to the phenotypic features observed in the originating Amish 

kindred(79,243). Furthermore, the +/G610C mouse exhibits near normal muscle 

function(243), whereas +/G610C osteoblasts exhibit endoplasmic reticulum (ER) stress 

and procollagen misfolding which contributes to defective matrix deposition and 

substandard bone(85).  

OI is a clinically heterogeneous disorder(6). Several preclinical studies in murine 

models of OI (oim, G610C, JRT/+, and Crtap-/-) reflect the genetic and phenotypic 

heterogeneity in OI and suggest gene variant- and severity-specific responses to 

treatments(19–21,118,118,121–123,156,200,244,245) (See Table 1). For example, sActRIIB-mFc 

treatment of oim/oim mice, which feature a frameshift mutation in the α2(I) chain of type 

I collagen and model severe type III human OI, resulted in improved muscle mass with 

increased contractile generating force and increased trabecular bone volume, without 

improving bone strength. In contrast, sActRIIB-mFc treatment of +/G610C mice failed to 

improve muscle contractility function, but significantly increased bone strength and 

trabecular bone volume(19,20). Additionally, TGF-β neutralizing antibodies enhanced bone 

mass in +/G610C(114), but did not in the more severe malforming Col1a1Jrt/+ mouse(121); 

although Col1a1Jrt/+ mice did show improved muscle mass and bone geometry with 

ActRIIB ligand trapping(200). These differential responses warrant testing of the 

effectiveness of potential therapeutics in multiple OI models to delineate the impacts of 

disease severity and mutation variant on response to treatment.   

We present the results of a tripartite study to investigate: 1) the influence of 

genetic myostatin deficiency on musculoskeletal properties in the +/G610C mouse; 2) 
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musculoskeletal outcomes in the +/G610C mouse after 11 weeks of postnatal myostatin 

inhibition using an anti-myostatin monoclonal antibody (Regn647); and 3) the effects of a 

4-week treatment holiday following 7 weeks of Regn647 administration on muscle and 

bone properties. 

  



 

Table II.1: Gene-variant and severity-specific responses to therapeutic agents in Osteogenesis imperfecta (OI) mouse models 

No data was found for blank spaces. aSillence classification system(81) b ↑ indicates increased or improved parameter. cBased on Contractile generating 

force. dBone Volume/Total Volume. ePolar Moment of Inertia. 

Muscleb Boneb 

References 
Treatment 

Mouse Model 

OI classificationa 
Mass 

Cross-

Sectional 

Area (mm2) 

Functionc BV/TVd 
pMOI 

(mm4)e 

Ultimate 

Strength (N) 

ActRIIB ligand 

trapping 

Col1a2tm1.1Mcbr (+/G610C) 

Type I/IV 
↑ ↑ No change ↑ ↑ ↑ (19,246)

Col1a1Jrt/+ (JRT) 

Type III 
↑ ↑ No change ↑ No change (200)

Col1a2oim  (oim/oim) 

Type III 
↑ ↑ ↑ ↑ 

No 

change 
No change (19,21,246)

Anti-TGF-β 

Antibody 

Col1a2tm1.1Mcbr (+/G610C) 

Type I/IV 
↑ (114)

Col1a1Jrt/+ (JRT) 

Type III 
No change No change (121)

Crtap-/- 

Type IV 
↑ 

No 

change 
↑ (114)

Anti- 

Sclerostin 

Antibody 

Col1a2tm1.1Mcbr (+/G610C) 

Type I/IV 
↑ 

↑ Femur, 

Vertebrae* 
(122), *(156) 

Col1a1Jrt/+ (JRT) 

Type III 
↑ No change (123)

Col1a2oim  (oim/oim) 

Type III 
↑ ↑ (245)

Crtap-/- 

Type IV 
↑ ↑ (118)

63
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Materials and Methods 

Animals 

The G610C (Col1a2tm1.1Mcbr)(79) and mstn (Mstntm1Sjl/+)(15) mice used in this study 

were maintained on a C57BL/6J (Jackson Laboratory, Bar Harbor, Maine) background, 

housed in an AAALAC-accredited facility at the University of Missouri and had ad-

libitum access to food and water. The protocols used in the study were approved by the 

University of Missouri ACUC and met the ARRIVE guidelines(247). G610C mice were 

genotyped as previously described (41). Genotypes of mstn mice were confirmed by PCR 

amplification of genomic DNA using the following primer sets for the mstn-KO and 

wildtype alleles [mstn-KO allele (forward: 5'ACCAGATGCGTACCTATCCATCCA3' 

and reverse: 5'ACTTCCATTTGTCACGTCCTGCAC3') and wildtype allele (forward: 

5'AGTCAAGGTGACAGACACACCCAA3' and reverse: 

5'TGGTGCACAAAGATGAGTATGCGGA3')], generating 500bp and 225bp amplicons 

respectively. For the postnatal myostatin inhibition study in Approach 2, wildtype (Wt) 

and heterozygous G610C (+/G610C) littermates were randomly assigned to treatment 

groups. All mice were humanely euthanized at 16 weeks of age; the age of peak bone 

mass attainment in mice(248).  

Approach 1: Genetic myostatin inhibition 

Breeding Strategy for genetic +/G610C +/mstn:  Heterozygous myostatin deficient mice 

(+/mstn) and heterozygous G610C (+/G610C) mice were mated to generate Wt, +/mstn, 

+/G610C, and +/mstn +/G610C (Dbl.Het) offspring. Offspring were weaned at 3 weeks 
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of age and body weights measured weekly until sacrifice at 16 weeks of age. Offspring 

genotypes appeared to follow normal Mendelian distribution.  

Confirmation of myostatin deficiency: Reduction of circulating myostatin levels in 

+/mstn and +/mstn +/G610C (Dbl.Het) mice was confirmed by measuring serum 

myostatin levels using a GDF8/myostatin Quantikine ELISA kit (R&D Systems, 

Minneapolis, Minnesota). In brief, blood collected during euthanasia was allowed to sit at 

room temperature and centrifuged to separate serum which was then collected and stored 

at -80⁰C until analyses. Samples and standards were assayed in duplicate, read on a 

BioTek Synergy 2 MultiMode Reader (Winooski, VT, USA) and analyzed using the 

Gen5 Data Analysis Software, with an intra-assay coefficient of variation of 2.8% (n=36) 

(Winooski, VT, USA).  

Approach 2: Postnatal inhibition of myostatin 

Heterozygous G610C dams (+/G610C) were bred with Wt males to generate Wt 

and +/G610C offspring.  Selection of dam genotype was due to colony availability.  

Parental genotypes were limited to a specific designated genotype to remove a potential 

variable.  Mice were weaned at 3 weeks of age and randomly distributed into 3 groups. 

Beginning at 5 weeks of age, Wt and +/G610C mice were weighed and injected twice 

weekly with humanized monoclonal control or anti-myostatin antibody (10 mg/kg of 

body weight) for either 7 weeks (Mstn-Ab TRT Holiday) or 11 weeks (Mstn-Ab Wks 11-

16). Both control (Regn1945; an hIgG4 isotype control) and anti-myostatin (Regn647; 

humanized monoclonal) antibodies were a generous gift from Regeneron 

Pharmaceuticals (Tarrytown, NY, USA). Regn647 has high binding affinity (KD < 5 X 
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10-11 M) and specificity for myostatin but does bind its homolog, Growth Differentiation 

Factor 11 (GDF11), very weakly, such that the kinetics could not be measured under the 

experimental conditions (Table 2). The pharmacokinetic profile and dosage response of 

hindlimb muscles and body weights in mice following Regn647 treatment are in Figures 

1 & 2. Regn647 treatment (10mg/Kg) for 3 weeks increased body (p-value = 0.068) and 

muscle weights in 8 week old mice (Figure 2). 

At 16 weeks of age, the mice were euthanized and serum, hindlimb muscles 

(soleus, plantaris, gastrocnemius, tibialis anterior, and quadriceps), femurs, and tibias 

harvested.  

Muscle Contractile Properties 

Contractile properties of the left soleus (sol), gastrocnemius (gast), and tibialis 

anterior (TA) muscles in male and female WT and +/G610C mice treated with either 

control or anti-myostatin antibody were evaluated as previously described(110). Briefly, 

mice were anesthetized and the left sol, gast, and TA muscle surgically exposed at their 

distal insertions. The distal tendon of each muscle was attached to the Grass force 

transducer and sequentially tested, solgastTA. The distal tendon was adjusted in 

length so that the passive tension was zero grams. The sciatic nerve was isolated and 

placed on a stimulating electrode and a twitch was obtained as previously described(110). 

At optimal length, a peak tetanic contraction (Po) was elicited by pulses delivered at 

150Hz, 300-ms duration, and an intensity of 6V for each type muscle(249). All data were 

collected using PowerLab (ADinstruments, Colorado Springs, CO).  

Femoral Microarchitecture (µCT) 
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Excised right femora were cleaned of soft tissues, wrapped in gauze and stored in 

1X PBS at -20˚C until analyses. Right femoral trabecular and cortical microarchitecture 

was investigated using the vivaCT 40 μCT scanner (SCANCO Medical AG, Bassersdorf, 

Switzerland) using these parameters: 70kVp, 114μA, 8W X-ray energy intensity and 

high-resolution CT-scan with 10 um isotropic voxel size (10 x 10 x 10 um)(250) and an 

integration time of 300ms. One hundred slices were contoured at the midshaft of each 

bone for cortical analyses and 630 slices contoured starting at the distal end for trabecular 

analyses. Scans were analyzed using the SCANCO Medical microCT software system 

(SCANCO Medical AG, Bassersdorf, Switzerland). 100 slices were each analyzed for 

trabecular and cortical parameters and thresholds set to 211 and 270 (lower) respectively 

and 1000 (upper). µCT Image analyses were performed and data reported according to 

recommendations by Bouxsein et al., 2010(251). 

Femoral Biomechanical Testing 

After µCT analyses, right femora were subjected to 3-point bending tests using 

the Stable Micro Systems TA-HDi Texture Analyzer (Texture Technologies Corp), 

software-version 07.14H. Bones were placed anterior-posteriorly on support stands that 

were 9 mm apart. Testing was performed using a load cell with maximum scale of 5 kg 

set on an automatic trigger force of 0.2N and a constant speed of 0.02mm/sec until bone 

failure. Ultimate load, yield load, stiffness, ductility (post-yield displacement) and work-

to-fracture were determined from the load displacement curve using Microsoft Excel. 

Ultimate load was determined from the maximum load measured during the test, 

Stiffness was determined from the slope of a straight line fitted to the linear portion of the 

load displacement curve. Yield load was determined to be the load at which the load vs. 
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displacement curve deviated from linear. This was determined by appending a line 

perpendicular to the linear portion of the load displacement curve akin to the 0.2% offset 

rule(252,253). Ductility was determined from the displacement following yield until ultimate 

fracture. Work-To-Fracture was determined by the area under the load vs. displacement 

curve. 

Statistical analyses 

Outliers were detected using the Grubbs1 method on GraphPad Prism (GraphPad 

Software, San Diego, CA, USA).  Statistical analyses were performed using the SAS 

software (SAS Institute, Inc., Cary, NC, USA). Correlations, manova and anova analyses 

were performed. Log transformations and non-parametric rank transformation analyses 

were used when necessary to stabilize heterogeneous variations. Comparisons for weekly 

treatments in both the genetic and postnatal studies were performed using the first order 

autoregressive AR(1) model to account for the positively correlated repeated weekly 

measures. For approach 1, the congenital myostatin inhibition study, final body and 

muscle weights, bone microarchitectural and biomechanical data were analyzed 

independently as a 4 x 2 x 2 factorial [4 genotypes (Wt, +/mstn, +/G610C, Dbl.Het), 2 

sexes (male, female), 2 dam genotypes (+/mstn or +/G610C)]. For approach 2, postnatal 

inhibition of myostatin, final body and muscle weights, bone microarchitectural and 

biomechanical data were also analyzed independently as a 2 x 2 x 3 [2 genotypes (Wt, 

+/G610C), 2 sexes, 3 treatments (Ctrl-Ab, Mstn-Ab TRT Holiday, and Mstn-Ab Wks 11-

16)]. Differences were considered significant at p ≤ 0.1. The congenital study was not 

powered to test differences as a consequence of dam genotype(221) and no significant 

differences were observed in bone parameters based on maternal genotype. Therefore, 
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offspring of the same genotype and sex were combined for analyses regardless of 

maternal genotype. 
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Figure II.1: The pharmacokinetic (PK) profile of the humanized anti-myostatin 

monoclonal antibody, Regn647 in mice. Quantitation of serum hFc levels over time 

after a single subcutaneous injection of 10 mg/kg Regn647 into 12-16 week-old mice 

(mixed background: 87.5% C57BL/6NTac 12.5% 129S6/SvEvTac; mice, n=4). Mice 

were baseline bled before the injection and then after 3, 6 hours, and 1, 2, 5, 9, 14, 21 and 

28 days to collect serum. Antibody levels were measured using an hFc ELISA and 

plotted against time. 

  



 

Figure II.2:  Changes in hindlimb muscle (A) and body weights (B) following treatment with increasing doses of anti-

myostatin Regn647 antibody in SCID mice.  Eight week-old SCID mice (n=5) were injected intraperitoneally with either 10, 

30, or 50 mg/kg of Regn647 or isotype control twice during the first week and once weekly for the following 3 weeks. After 4 

weeks of treatment, tibialis anterior (TA), gastrocnemius (GA), and quadricep (Quad) muscles were dissected and weighed. 

Muscle and body weights are plotted as percent change to the values obtained from isotype control treated mice. The data were 

analyzed by one-way (body weight) or two-way anova (muscle weight). Values are median with interquartile range. p-values < 

0.1 are indicated and considered significant. 
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Table II.2. Kinetic binding parameters of REGN647 (humanized monoclonal antibody to human myostatin (GDF8) and 

GDF11) determined by Surface plasmon resonance (SPR-Biacore) analysis 

mAb tested Antigen tested ka (M-1s-1) kd (s-1) KD (M) t1/2 (min) 

REGN647 
GDF8 6.39E+06 2.95E-04 4.62E-11 39 

GDF11 IC IC IC IC 

Isotype Control 
GDF8 NB NB NB NB 

GDF11 NB NB NB NB 

Where IC = Inconclusive data; slight binding, but insufficient to generate an equilibrium dissociation constant (KD) NB= No binding. 

Surface plasmon resonance (SPR) analysis of the binding of Regn647 to human GDF8 and GDF11 was conducted as previously described(254), using an 

amine coupling chemistry technique(255). For analysis, all of the specific binding sensorgrams were double-reference subtracted as previously 

reported(256). The kinetic parameters were obtained by globally fitting the double-reference subtracted data to a 1:1 binding model with mass transport 

limitation using Biacore T200 Evaluation software v 1.0 (GE Healthcare, Marlborough, MA). The dissociation rate constant (kd) was determined by 

fitting the change in the binding response during the dissociation phase and the association rate constant (ka) was determined by globally fitting analyte 

binding at different concentrations. The equilibrium dissociation constant (KD) was calculated from the ratio of the kd and ka. The dissociative half-life 

(t½) in minutes was calculated as ln2/(kd*60). 
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Results 

Approach 1: Genetic Myostatin Inhibition 

Congenital myostatin inhibition increases muscle mass in mice 

 To assess the impact of inherent myostatin deficiency on musculoskeletal 

properties in the G610C mouse model of OI, heterozygous myostatin (+/mstn) and 

+/G610C mice were bred to produce offspring with the resulting genotypes: Wt, +/mstn, 

+/G610C and +mstn +/G610C (designated as Dbl.Het) (Fig.3A). Mice were weaned at 3 

weeks of age and weighed weekly thereafter. Reduced circulating serum myostatin in 

mstn mutants was confirmed after euthanasia at 16 weeks of age.  Male and female 

+/mstn offspring had 48.4% and 34% less circulating myostatin respectively when 

compared to their Wt littermates. Dbl.Het offspring also had decreases in circulating 

myostatin relative to Wt and +/G610C although the decrease was more substantial in 

male mice [male (42.9%, 36.5%) than the female (18.5%, 13%)] (Fig. 1B) mice, 

respectively. 

Sixteen-week-old +/G610C mice have decreased body weights relative to age-

matched +/mstn and Dbl.Het mice (Fig.4A).  Female +/G610C mice also have lower 

body weights relative to Wt littermates (Fig.4A). Genetic myostatin deficiency in female 

Dbl.Het mice increased their body weights to female Wt and +/mstn littermate levels. 

Beginning at 5 weeks and 11 weeks of age in female and male mice respectively, Dbl.Het 

offspring exhibited increases in body weight  relative to +/G610C littermates, which 

were maintained throughout the remaining course of the study (Fig.4B & 4C).  
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Wet muscle weights collected post-euthanasia reflected substantial increases in 

the gastrocnemius [Male 22.7%; Female 23.4%], quadriceps [Male 25.0%; Female 

27.7%], tibialis anterior [Male 6.9%; Female 18.4%] and plantaris [Male 34.4%; Female 

23.6%] muscles in congenital Dbl.Het mice relative to +/G610C littermates (Fig.5A-D). 

These increases in final body and muscle weights in the +/G610C mice as a result of 

congenital myostatin inhibition (Dbl.Het) rivaled those of Wt and +/mstn littermates.  
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Figure II.3: Verification of myostatin deficiency in genetic model. A) Schematic of 

congenital +/mstn and +/G610C breeding strategy with the resultant offspring genotypes. 

B) Circulating serum myostatin (GDF8, pg/ml) levels in 16 week old male (solid data 

points) and female (open data points), Wildtype (Wt, black circle), heterozygote 

myostatin deficient (+/mstn, magenta square), heterozygote G610C (+/G610C, orange 

diamond) and double heterozygote +/mstn and +/G610C (Dbl.Het, green triangle) 

offspring (n= 8-15). Data were analyzed by MANOVA and AR(1) model. No genotype 

by sex or by dam genotype interactions were found.  Offspring genotype main effect was 

evaluated. Values are median with interquartile range. p-values ≤ 0.1 are indicated and 

considered significant. 
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Figure II.4: Congenital myostatin deficiency increases body weight in the +/G610C 

mouse. A) Body weights (g) of male (solid data points) and female (open data points) 

Wildtype (Wt, black circle), heterozygote myostatin deficient (+/mstn, magenta square), 

heterozygote G610C (+/G610C, orange diamond) and double heterozygote +/mstn and 

+/G610C (Dbl.Het, green triangle) at 16 weeks of age (n= 12-34). B) Weekly weights of 

male Wt, +/mstn, +/G610C and Dbl. Het offspring starting from 3 weeks to 16 weeks of 

age (n=11-28).  C). Weekly weights of female Wt, +/mstn, +/G610C and Dbl. Het 

offspring starting from 3 weeks to 16 weeks of age (n= 11-37).  Data were analyzed by 

MANOVA and AR(1) model. No genotype by sex or by dam genotype interactions were 

found.  Offspring genotype main effect was evaluated. Values are median with 

interquartile range. p-values ≤ 0.1 are indicated and considered significant for +/G610C 

vs. Dbl.Het comparisons (Table; bottom). 

 



77 
 

 

Figure II.5: Inherent myostatin deficiency increases wet muscle weights (mg) of the A) 

gastrocnemius, B) quadriceps, C) tibialis anterior, and D) plantaris at 16 weeks of age in 

Wildtype (Wt, black circle), heterozygote myostatin deficient (+/mstn, magenta square), 

heterozygote G610C (+/G610C, orange diamond) and double heterozygote +/mstn and 

+/G610C (Dbl.Het, green triangle) offspring (n=11-34). Data were analyzed by 

MANOVA. No genotype by sex or by dam genotype interactions were found.  Offspring 

genotype main effect was evaluated. Values are median with interquartile range; p-

values ≤ 0.1 are indicated and considered significant. 
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Congenital myostatin deficiency in +/G610C improves overall femoral microarchitecture 

in female mice. 

Femoral microCT (µCT) analyses revealed that total volume (TV, Fig.6A), bone 

volume (BV, Fig. 6B) and trabecular spacing (Tb.Sp, Fig. 6C) were decreased in female 

+/G610C offspring, but restored to Wt levels in their myostatin deficient (Dbl.Het) 

counterparts. TV, BV and Tb.Sp were unchanged in male +/G610C mice relative to 

Dbl.Het littermates, and +/G610C mice had equivalent bone volume fraction (BV/TV, 

Fig.6D) as Wt and Dbl.Het littermates. Relative to +/G610C, Dbl.Het mice had 

equivalent trabecular number (Tb.N, Fig.6E), trabecular thickness (Tb.Th, Fig. 6F) and 

BMD (Fig.6G). Although male and female +/G610C mice had lower Tb.N and male 

+/G610C mice had lower Tb.Th relative to sex-matched Wt littermates, respectively, 

genetic myostatin deficiency restored them to Wt levels.  Surprisingly, BMD (Fig.6G) 

was higher in female +/G610C and Dbl.Het offspring relative to Wt. BMD in male 

+/G610C was not different from Wt, although Dbl.Het males had higher BMD relative to 

Wt offspring. 

In addition, mid-diaphyseal femoral cortical bone area (BA, Fig.7A) was 

unchanged regardless of genotype in male mice. However, female +/G610C mice had 

lower BA, which was restored in Dbl.Het offspring and was no longer different from Wt. 

Decreased cortical total area (TA, Fig.7B) in +/G610C and Dbl.Het offspring contributed 

to increased bone area fraction (BA/TA, Fig.7C) relative to Wt littermates. Polar moment 

of inertia (pMOI, Fig.7D), although decreased in +/G610C mice, was no longer different 

from Wt offspring in Dbl.Het offspring.  
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Figure II.6: Inherent myostatin deficiency has minimal impact on femoral bone 

microarchitecture in +/G610C mice. µCT analyses of 16 week old male and female 

Wildtype (Wt, black circle), heterozygote myostatin deficient (+/mstn, magenta square), 

heterozygote G610C (+/G610C, orange diamond) and double heterozygote +/mstn and 

+/G610C (Dbl.Het, green triangle) offspring femora. Trabecular bone parameters: A) 

Total Volume (mm3), B) Bone Volume (mm3), C) Trabecular Spacing (mm), D) 

Trabecular Bone volume fraction (BV/TV), E) Trabecular Number (Tb. N; 1/mm), F) 

Trabecular Thickness (Tb. Th; mm), and G) Bone Mineral Density (BMD; g/cm2).  Data 

were analyzed by MANOVA. No genotype by sex or by dam genotype interactions were 

found.  Offspring genotype main effect was evaluated. Values are median with 

interquartile range. p-values ≤ 0.1 are indicated and considered significant; n = 8-16. 

  



81 
 

 

Figure II.7: Inherent myostatin deficiency failed to improve femoral cortical architecture 

in +/G610C mice. µCT analyses of 16 week old male and female Wildtype (Wt, black 

circle), heterozygote myostatin deficient (+/mstn, magenta square), heterozygote G610C 

(+/G610C, orange diamond) and double heterozygote +/mstn and +/G610C (Dbl.Het, 

green triangle) offspring mid-diaphyseal femoral cortical bone. Cortical bone parameters 

A) Bone Area (mm2), B) Total Area (mm2), C) Bone area fraction (Bone Area/Total 

Area; BV/TV), and D) Polar Moment of Inertia pMOI; (mm4). Data were analyzed by 

MANOVA. No genotype by sex or by dam genotype interactions were found.  Offspring 

genotype main effect was evaluated. Values are median with interquartile range. p-

values ≤ 0.1 are indicated and considered significant; n = 7-17. 
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Congenital myostatin deficiency does not improve femoral bone strength 

To evaluate bone biomechanical integrity, we assessed femoral biomechanical 

strength testing via 3-point bend analyses. In male mice, maximum load (Fig. 8B) was 

equivalent regardless of genotype. Female +/G610C and Dbl.Het mice, however, 

exhibited decreased maximum loads as compared to sex-matched Wt littermates. Yield 

load (Fig. 8C) remained unchanged in mice regardless of sex or genotype. Whereas 

female +/G610C offspring exhibit similar ductility (Fig. 8D), stiffness (Fig. 8E) and 

work-to-fracture (WTF, Fig. 8F) as Wt and Dbl.Het offspring, male +/G610C mice had 

reduced femoral stiffness and work to fracture relative to both Wt and +/mstn. Congenital 

myostatin deficiency restored stiffness to Wt levels but had no effect on WTF in male 

Dbl.Het mice.  
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Figure II.8: Inherent myostatin deficiency does not improve femoral bone strength in 

+/G610C mice. Three-point bend biomechanical testing of 16 week old male and female 

(Wt, black circle), heterozygote myostatin deficient (+/mstn, magenta square), 

heterozygote G610C (+/G610C, orange diamond) and double heterozygote +/mstn and 

+/G610C (Dbl.Het, green triangle) offspring femurs. 3-point bend analysis was 
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performed as illustrated in (A). Biomechanical parameters: B) Maximum Load (N), C) 

Yield Load (N), D) Ductility (mm), E) Stiffness (N/mm) and F) Work to Fracture 

(Nmm). Data were analyzed by MANOVA. No genotype by sex or by dam genotype 

interactions were found.  Offspring genotype main effect was evaluated. Values are 

median with interquartile range. P-values ≤ 0.1 are indicated and considered significant; n 

= 6-17. 
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Approach 2- Pharmacological Myostatin Inhibition 

Pharmacologic myostatin inhibition improves muscle weights in the +/G610C mouse 

We have previously reported the potent effects of sActRIIB-mFc on 

musculoskeletal properties in the G610C mouse(19,20). However, sActRIIB-mFc binds 

multiple ligands in addition to myostatin. To determine whether myostatin inhibition was 

the primary effector of the valuable impact of sActRIIB-mFc on the bone phenotype, 

mice were administered intraperitoneal injections with Regn647 (humanized monoclonal 

antibody with high specificity to myostatin) twice a week for either 11 weeks or 7 weeks 

followed by a 4-week treatment hiatus (Fig.9A).  At the end of the treatment period, 

control antibody (Regn1945) treated Wt and +/G610C mice had similar body weights as 

congenic Wt and +/G610C offspring from approach 1 [male Wt (28.32±0.82g; 

27.54±0.52 g); female Wt (20.88±0.38 g; 22.11±0.33 g); male +/G610C (28.71±0.52 g; 

26.69±0.43 g); female +/G610C (20.45±0.39 g; 20.96±0.35 g) respectively] (Fig.9B), 

demonstrating that non-specific control antibody treatment did not impact body weight.  

Regn647 treatment resulted in increases in final body weights at 16 weeks of age 

in Wt animals regardless of sex [male +8.5%, female +11.0% (7-week treatment); male 

+9.1%, female +15.9% (11-week treatment)] relative to their control-treated counterparts 

(Fig.9B). Conversely, in both male and female +/G610C mice, we observed increases in 

final body weights in the 7-week treatment group only [male +5.7%, female +8.9%]; 

although the 11-week treatment +/G610C group exhibited similar increases but did not 

reach statistical significance [male +5.0% p=0.17, female +5.9% p=0.15]. These 

increases were observed to begin between 6 and 7 weeks of age in Wt mice and between 
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8 and 9 weeks of age in +/G610C mice with early responses in males. (Fig.9C-D; Table 

3).  

In Wt mice, postnatal myostatin inhibition also resulted in increased wet 

gastrocnemius, quadriceps, tibialis anterior and plantaris muscle weights regardless of sex 

and treatment duration (~ + 19.7-40%, + 21.9-38.6%, + 14.9-50.7% and + 11.4-30.4% 

respectively) (Fig.10). Interestingly, female Wt mice exhibited a more robust increase in 

wet muscle weights than their male littermates. The muscle weights of +/G610C male 

and female mice treated with Regn647 were also increased regardless of treatment 

duration [gastrocnemius (+13.5-26.2%), quadriceps (+16.3-28.5%), tibialis anterior 

(+24.6-29.6%) and plantaris (+16.0-23.0%)], although to a lesser extent than Wt (Fig.10). 

In-situ contractile generating force analyses revealed increases in relative peak tetanic 

forces in Wt female tibialis anterior muscle regardless of the Regn647 treatment duration 

and a decline in the relative peak tetanic force in gastrocnemius muscle in the 11 week 

Regn647 treatment (Fig.11). No significant treatment effect was found in male Wt and 

male and female +/G610C muscle functionality, respectively, possibly due to small 

sample sizes and high data variation. 
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Figure II.9: Anti-myostatin antibody treatment increases body weights of Wt and 

+/G610C mice after only 1 week of treatment. A) Schematic of postnatal myostatin 

inhibition treatment regimen; Wt and +/G610C mice were treated twice weekly with 

either a monoclonal anti-myostatin antibody (Regn647) for 11 weeks (Mstn-Ab 11wk, 

red) or for 7 weeks followed by a 4-week treatment hiatus (Mstn-Ab 7wk, blue), or 

control antibody for 11 weeks (Regn1945, Ctrl-Ab, black).  B) Body weights of male and 

female Wt and +/G610C mice at 16 weeks of age. C) and D) Weekly body weights of 

male and female mice starting at 5 weeks of age, respectively. Control treatment (black 

symbols) is administered from 5-16 weeks of age. Mstn-Ab treatment is administered 

from 5-11 weeks (green symbols) at which point the cohort is randomly divided into two 

groups: Mstn-Ab TRT Holiday [blue; no further Regn647 treatment (“treatment holiday”) 

until sacrifice at 16 weeks of age] and Mstn-Ab Wks 11-16 (red; continuous Mstn-Ab 

treatment until sacrifice at 16 weeks of age). For significance values, see Table 2. Data 

were analyzed by MANOVA (in B) and AR(1) model (in C and D). No significant 

genotype by sex by treatment interaction was found. For (B), body weight values are 

median with interquartile range. p-values ≤ 0.1 are indicated and considered significant. 

For (C and D) values are means. n = 9-12.  

  



 

Table II.3a: Significance values for weekly comparison of body weights of Mstn-Ab TRT Holiday and Mstn-Ab Wks 11-16 

treated male +/G610C and Wt mice relative to their Ctrl-Ab treated counterparts (Fig. 7C). 

Treatment Wk. 5 Wk. 6 Wk. 7 Wk. 8 Wk. 9 
Wk. 

10 

Wk. 

11 

Wk. 

12 

Wk. 

13 

Wk. 

14 

Wk. 

15 

Wk. 

16 

+/G610C Mstn-Ab 

TRT Holiday 
ns ns ns 0.086 0.039 0.023 0.014 

0.011 0.004 0.005 0.004 0.003 

+/G610C Mstn-Ab 

Wks 11-16 
0.065 0.078 0.036 0.014 0.024 

Wt Mstn-Ab TRT 

Holiday 
ns 0.044 0.008 0.004 0.001 0.002 0.001 

0.001 0.000 0.000 0.001 0.000 

Wt Mstn-Ab Wks 

11-16
0.003 0.001 0.003 0.002 0.003 

Not significant (ns) at p≤ 0.1. Data were analyzed by AR(1) model 

Table II.3b: Significance values for weekly comparison of body weights of Mstn-Ab TRT Holiday and Mstn-Ab Wks 11-16 

treated female +/G610C and Wt mice relative to their Ctrl-Ab treated counterparts (Fig. 7D). 

Treatment Wk. 5 Wk. 6 Wk. 7 Wk. 8 Wk. 9 
Wk. 

10 

Wk. 

11 

Wk. 

12 

Wk. 

13 

Wk. 

14 

Wk. 

15 

Wk. 

16 

+/G610C Mstn-Ab 

TRT Holiday 
ns ns ns ns 0.062 0.101 0.105 

0.084 0.070 0.016 0.007 0.011 

+/G610C Mstn-Ab 

Wks 11-16 
0.073 0.096 0.052 0.034 0.061 

Wt Mstn-Ab TRT 

Holiday 
ns ns 0.071 0.013 0.022 0.029 0.026 

ns 0.092 0.110 0.075 0.031 

Wt Mstn-Ab Wks 

11-16
0.005 0.005 0.006 0.003 0.001 

 Not significant (ns) at p≤ 0.1. Data were analyzed by AR(1) model 
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Figure II.10: Postnatal myostatin inhibition increases hindlimb muscle mass in Wt and 

+/G610C mice. Male and female Wt and +/G610C mice were treated twice weekly with 

either a monoclonal anti-myostatin antibody (Regn647) for 11 weeks (Mstn-Ab Wks 11-

16, red) or for 7 weeks followed by a 4-week treatment hiatus (Mstn-Ab TRT Holiday, 

blue), or a control antibody for 11 weeks (Regn1945, Ctrl-Ab, black).  Weights of A) 

Gastrocnemius B) Quadriceps C) Tibialis Anterior and D) Plantaris muscles at 16 weeks 

of age. Data were analyzed by MANOVA. Values are median with interquartile range. p-

values ≤ 0.1 are indicated and considered significant. n = 9-12.  
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Figure II.11: Postnatal myostatin inhibition increases contractile force in Wt, but not 

+/G610C mice. Male and female Wt and +/G610C mice were treated twice weekly with 

either a monoclonal anti-myostatin antibody (Regn647) for 11 weeks (Mstn-Ab 11wk, 

red) or for 7 weeks followed by a 4-week treatment hiatus (Mstn-Ab TRT Holiday, blue), 

or a control antibody for 11weeks (Regn1945, Ctrl-Ab, black).  Peak tetanic and relative 

peak tetanic forces of Tibialis Anterior (A and B) and Gastrocnemius (C and D) muscles 

at 16 weeks of age, respectively. Data were analyzed by MANOVA. Values are median 

with interquartile range. P-values ≤ 0.1 are indicated and considered significant. n = 3-9.  
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Pharmacologic myostatin inhibition improves bone microarchitecture in male Wt mice, 

but not female Wt or +/G610C male and female mice. 

At 16 weeks of age, +/G610C mice had reduced trabecular bone 

microarchitectural parameters as compared to Wt littermates regardless of sex in 

accordance with known +/G610C bone properties(79). µCT analyses also revealed that in 

+/G610C mice, TV (Fig.12A) was increased in males with the 11-week treatment but 

remained unchanged in female mice although there appeared to be a difference in TV in 

the 11 week treatment group relative to the 7 week treatment group. BV (Fig.12B), Tb.Sp 

(Fig.12C), BV/TV (Fig.12D), Tb.N (Fig.12E), Tb. Th (Fig.12F) and BMD (Fig.12G) 

appear essentially unaffected in either male or female +/G610C littermates by Regn647 

treatment, although in male +/G610C the BV/TV in the 11 week Regn647 treatment 

group appeared to be increased. BV/TV was significantly increased in male Wt mice 

treated with Regn647 regardless of duration, but remained unchanged in female Wt mice. 

The increased BV/TV in male Wt mice reflects increases in BV, TV, Tb. N and Tb.Th. 

BMD is also increased in male Wt mice. In addition, female Wt mice experienced 

increased trabecular TV with Regn647 treatment with minimal impact on other trabecular 

bone parameters.  

Evaluation of the mid-diaphyseal femoral cortical bone parameters demonstrated 

that neither male nor female +/G610C mice exhibited significant changes in cortical bone 

properties with Regn647 treatment [BA (Fig.13A), TA (Fig.13B), BA/TA (Fig.13C), 

pMOI (Fig.13D)]. The mid-diaphyseal femoral cortical bone TA (Fig.13B) was lower 

only in female +/G610C mice relative to Wt mice. While surprisingly, +/G610C male 

mice had increased BA/TA relative to Wt mice. BA, TA and pMOI were significantly 
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increased with Regn647 treatment in male Wt mice. However, these increases were not 

reflected in the bone area fraction BA/TA. Female Wt mice had increases in TA with 

Regn647 treatments, as well as increased pMOI with the 11-week Regn647 treatment.  

Pharmacologic myostatin inhibition improves femoral bone strength in Wt male, but not 

Wt female or +/G610C mice. 

Biomechanical testing by 3-point bend analyses revealed that +/G610C femurs 

are significantly compromised as compared to Wt with respect to maximum load (female 

only; Fig.14A), yield load (female only (Fig.14B) and ductility (both male and female; 

Fig.14C). Male +/G610C femurs had high yield loads compared to Wt.  Myostatin 

inhibition increased femoral maximum load and yield load in male Wt mice, but had no 

significant impact in female Wt or +/G610C male and female mice. Increased femoral 

stiffness (Fig.14D) was observed in male Wt mice in the 11-week Regn647 treatment 

group with no significant increases in Wt female or +/G610C mice. The decreased 

ductility and work to fracture in +/G610C femurs relative to Wt remained unchanged 

with either treatment duration (Fig.14E). This appeared true for Wt femurs as well. 
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 Figure II.12: Postnatal myostatin inhibition improves femoral trabecular bone 

parameters of Wt male mice. Femoral µCT analyses of 16 week old male and female Wt 

and +/G610C mice treated twice weekly with either a monoclonal anti-myostatin 

antibody (Regn647) for 11 weeks (Mstn-Ab Wks 11-16, red) or for 7 weeks followed by 
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a 4-week treatment hiatus (Mstn-Ab TRT Holiday, blue), or a control antibody for 

11weeks (Regn1945, Ctrl-Ab, black).  Trabecular bone parameters: A) Total Volume 

(mm3), B) Bone Volume (mm3), C) Trabecular Spacing (mm), D) Trabecular Bone 

volume fraction (BV/TV), E) Trabecular Number (Tb. N; 1/mm), F) Trabecular 

Thickness (Tb. Th; mm), and G) Bone Mineral Density (BMD; g/cm2).  Data were 

analyzed by MANOVA. Values are median with interquartile range. P-values ≤ 0.1 are 

indicated and considered significant. n = 6-11.  
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Figure II.13: Mid-diaphyseal femoral cortical bone parameters are improved in Wt 

males by post-natal myostatin inhibition. µCT analyses of mid-diaphyseal cortical bone 

of 16 week old male and female Wt and +/G610C mice treated twice weekly with either 

a monoclonal anti-myostatin antibody (Regn647) for 11 weeks (Mstn-Ab Wks 11-16, 

red) or for 7 weeks followed by a 4-week treatment hiatus (Mstn-Ab TRT Holiday, blue), 

or a control antibody for 11weeks (Regn1945, Ctrl-Ab, black). Cortical bone parameters: 

A) Bone Area (mm2), B) Total Area (mm2), C) Bone area fraction (BA/TA) and D) Polar 

Moment of Inertia (mm4).  Data were analyzed by MANOVA. Values are median with 

interquartile range. p-values ≤ 0.1 are indicated and considered significant. n = 6-11.  
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Figure II.14:  Post-natal myostatin inhibition improves biomechanical properties of male 

Wt mouse femurs. Three-point bend biomechanical testing of femurs from 16 week old 

male and female Wt and +/G610C mice treated twice weekly with either a monoclonal 

anti-myostatin antibody (Regn647) for 11 weeks (Mstn-Ab Wks 11-16, red) or for 7 

weeks followed by a 4-week treatment hiatus (Mstn-Ab TRT Holiday, blue), or a control 

antibody for 11weeks (Regn1945, Ctrl-Ab, black). Biomechanical parameters: A) 

Maximum Load (N), B) Yield Load (N), C) Ductility (mm), D) Stiffness (N/mm) and E) 

Work to Fracture (Nmm).  Data were analyzed by MANOVA. Values are median with 

interquartile range. p-values ≤ 0.1 are indicated and considered significant. n = 6-11.  
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Discussion 

This study demonstrated that inhibition of myostatin, whether genetic or 

pharmacological, increased individual hindlimb muscles in Wt mice and the G610C 

mouse model of OI. However, in bone, congenital myostatin deficiency had greater 

skeletal improvements, relative to the pharmacologic inhibition of myostatin. The 

+/G610C muscle response to genetic myostatin inhibition closely mirrored that of 

heterozygous +/oim mice with inherent myostatin deficiency (+/oim +/mstn) as 

previously reported(84,221). However, in +/oim mice the response was more robust, with 

observed increases and restoration of the trabecular and bone biomechanical properties to 

Wt levels(221). The divergent treatment outcomes echo several recent studies suggesting 

the influence of mutation and disease severity on treatment efficacy in OI(222).  In models 

of moderate (+/G610C) and severe (Col1a1Jrt/+ and Crtap-/-) OI, whether caused by 

dominant (+/G610C and Col1a1Jrt/+) collagen or recessive (Crtap-/-) mutations, 

pharmacologic inhibition of sclerostin, an inhibitory ligand to bone formation, improved 

bone mass and strength(118,122,123). In contrast, +/G610C and Crtap-/- mice both respond to 

TGF-β inhibition, while the Col1a1Jrt/+ mouse does not(114,118,121).  Furthermore, 

sActRIIB-mFc improved both +/G610C and oim/oim muscle mass, but increased muscle 

contractility only in oim/oim mice, while improving bone biomechanics only in 

+/G610C(19,20).  

Using a genetic approach, we show that both +/mstn and Dbl.Het mice had 

reduced circulating serum myostatin levels relative to Wt and +/G610C littermates 

respectively, which did not reach 50% and exhibited sex differences consistent with 

potential gene dosage compensation and interactions affecting growth(257). The observed 
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increases in +/mstn and Dbl.Het offspring body and muscle weights relative to their Wt 

and +/G610C littermates were consistent with previous studies(84,121).   Dbl.Het body and 

muscle weights were restored to Wt and +/mstn levels similar to the observed restoration 

of +/oim +/mstn body and muscle weights(84).  Although female +/G610C mice had 

improvements to trabecular bone properties and changes to cortical BA and pMOI with 

genetic myostatin deficiency, there was a lack of biomechanical improvement in the 

female Dbl.Het offspring bone suggesting the architectural improvements were 

insufficient to overcome the compromised morphologic and material properties(258) of the 

+/G610C bone. Although the µCT resolution used in this study discriminates trabecular 

microarchitecture in mice including sActRIIB-treated versus control-treated +/G610C 

mice(19) and +/oim relative to +/oim +/mstn(84), differences in specific microarchitectural 

parameters may have been blunted that could have been noted with a smaller voxel 

size(259). Of additional interest was the observation that besides BV/TV and BV in males, 

and pMOI in females, +/mstn offspring have similar cortical and trabecular bone 

properties as Wt offspring and these similarities were present in the genetic +/oim x 

+/mstn cross as well(84).  

Previous studies to reduce circulating endogenous myostatin using a soluble 

ActRIIB decoy molecule resulted in improved muscle and bone 

properties(19,20,22,200,241,260), yet proved problematic as ActRIIB binds multiple ligands, 

preventing the appreciation of specific mechanisms and responses as well as resulting in 

unwanted side-effects(18,23). Consequently, to begin to decipher the role of the ActRIIB 

ligands, we explored myostatin inhibition in Wt and the G610C mouse using a specific 

monoclonal anti-myostatin antibody (Regn647) for 11 weeks. Regn647 treated Wt mice 
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responded swiftly to treatment with greater body weights after 1-2 weeks of treatment 

consistent with a previous study of sActRIIB-mFc administration(19). In contrast, 

Regn647-treated +/G610C mice saw increases in body weights after 3-4 weeks of 

treatment. 

Current management of OI relies on BPs, bone anti-resorptive agents, to stall 

bone resorption by inhibiting osteoclast activity(230). Although intravenous BPs have been 

shown to reduce the risk of fractures, prolonged BP use is associated with an impairment 

of bone remodeling in children(97). Thus, in the second treatment approach, we further 

investigated the effect of a 4-week treatment holiday after 7-week anti-myostatin 

antibody treatment. We did not observe changes in body weight or bone properties in the 

subsequent weeks after the anti-myostatin treatment was stopped (i.e. between 11 and 16 

weeks of age) in either Wt or +/G610C mice, relative to the 11-week treatment group, 

suggesting that there was not a significant rebound effect from the absence of anti-

myostatin antibodies on the musculoskeletal properties studied. Though we did not 

examine the skeletal properties at the 7- week time point in Wt and +/G610C, the lack of 

differences in skeletal properties at the end of the study, suggests the 4-week treatment 

hiatus was not detrimental. 

Regn647 administration revealed sex- and disease-specific responses of bone. 

Muscle weights of all the mice were significantly increased with anti-myostatin treatment 

regardless of genotype or sex.  However, significant improvements in trabecular and 

cortical bone properties as well as femoral biomechanical strength were only observed in 

male Wt mice. Previous reports suggest skeletal muscles of male C57 mice have less 

processed myostatin (- 40-60%)(261) and ACVR2B expression(262) as compared to female 
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mice, which may result in male and female mice requiring different anti-myostatin 

treatment dosages to elicit equivalent responses. The presence of sexual dimorphism in 

the myostatin signaling pathway, sex-hormone availability, and sex-specific bone 

response to treatment(105) further suggests different therapeutic agents may react 

differently and/or require different maximal treatment dosages or duration to achieve 

similar responses in male and female mice. Further, during puberty (3-8 weeks of age), 

male mice have more substantial increases in body weight and bone cross-sectional area 

relative to female mice(263). Thus, the absence of a more pronounced skeletal impact with 

myostatin deficiency in male Dbl.Het mice also suggests that myostatin may have a less 

robust regulatory role in whole bone development. 

Administration of sActRIIB-mFc improved bone volume and strength in a variety 

of mouse models including G610C(19,200). Pearsall and colleagues previously showed that 

blockade of activin A with a soluble decoy receptor to activin A (ActRIIA-mFc) 

stimulated bone formation and improved skeletal integrity in C57BL/6N mice(162). The 

lack of a robust response in bone parameters in +/G610C mice to Regn647 suggests that 

pharmacologic myostatin inhibition alone is insufficient to elicit the desired effects on 

bone(235,241). This necessitates consideration of a combined treatment approach of 

inhibiting both myostatin and activin A, which may result in synergistic increases in 

musculoskeletal properties as was previously observed in muscle mass (+43.9% TA 

muscle, SCID mice(22)) relative to myostatin inhibition alone (+20.1%, TA 

muscle(22))(264). Myostatin has been implicated in the inhibition of osteoblast 

differentiation and activity and the promotion of osteoclast differentiation by stimulating 

RANKL secretion(188,216). Activin A is also a known pro-osteoclastogenic molecule(265), 
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further suggesting that simultaneous inhibition of both myostatin and activin A will more 

likely produce more pronounced skeletal responses similar to those observed with 

ActRIIB ligand trapping experiments(19,241). However, gene mutation variance and 

disease severity may dictate treatment response as treatment with a myostatin and activin 

specific ActRII ligand trap did not improve skeletal features of the Col1a1Jrt/+ mouse(200). 

Musculoskeletal dysfunctions in the G610C mouse including, but not limited to defective 

mechanotransduction, compromised osteoblast differentiation, and malfunction as a result 

of endoplasmic reticulum stress(85), may blunt the G610C bone response to myostatin 

inhibition. A limitation of this study was the use of the maximal effective dose of anti-

myostatin antibody based on Wt mice(22) as standard for treating +/G610C mice. Further 

studies are warranted to determine the maximal effective treatment dose for +/G610C 

mice, as well as potential synergism of anti-activin A to inhibit osteoclastogenesis. 

In conclusion, both the genetic and pharmacologic inhibition of myostatin 

resulted in increased muscle mass in Wt and +/G610C mice, and improved bone mass 

and strength in Wt male mice. These data have implications for improving muscle mass 

as well as bone mass and strength in heritable and acquired bone fragility, including 

osteoporosis. Only genetic myostatin deficiency resulted in significant increases to bone 

volume and strength in the +/G610C mouse. In the pharmacologic study, circulating 

myostatin levels were reduced from 5 weeks of age until 16 weeks, whereas in the 

genetic study, the deficiency in circulating myostatin levels was present throughout 

development. Myostatin modulates muscle progenitor cell proliferation(203), and its loss of 

function results in muscle cell hyperplasia and hypertrophy(15), while postnatal myostatin 

inhibition leads to hypertrophy only, with no hyperplasia(20,22). Consequently, the 
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synergistic impact of increased muscle mass and possible developmental reprogramming 

and epigenetic changes as a result of genetic myostatin deficiency in the Dbl.Het 

offspring underscores the importance of understanding the developmental changes in 

both muscle and bone, when compared with postnatal myostatin inhibition. Thus, benefits 

of congenital myostatin reduction are likely due to both developmental effects and 

ongoing myostatin deficiency.  It is therefore possible that earlier administration of the 

anti-myostatin antibodies may be required to result in more robust increases in bone 

properties in OI.   
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Abstract 

Introduction: Defects in the production, quantity and/or quality of type I collagen causes 

osteogenesis imperfecta (OI), a collagen-related bone disorder that is characterized by 

fragile osteopenic bone which easily fractures, and muscle weakness. We have previously 

shown that the soluble activin receptor type IIB decoy (sActRIIB) molecule which binds 

multiple TGF-β ligands including myostatin and activin A, increases muscle mass and 

improves bone strength in the mild to moderate G610C mouse model of OI. Here, we 

investigate the musculoskeletal effects of inhibiting activin A alone, myostatin alone, or 

both in wild type (Wt) and heterozygous G610C (+/G610C) mice using highly specific 

monoclonal antibodies. 

Methods: Male and female Wt and +/G610C mice were treated twice weekly with 

intraperitoneal injections of monoclonal control antibody (Ctrl-Ab, Regn1995), activin A 

antibody (ActA-Ab, Regn2746), myostatin antibody (Mstn-Ab, Reg647) or both 

antibodies (Combo, Regn2746 and Regn647) from 5 to 16 weeks of age. Pre-euthanasia, 

whole body composition, metabolic and muscle force generation assessments were 

performed. Post euthanasia, hind limb muscles were evaluated for mass, and femurs 

evaluated for changes in microarchitecture and strength using microCT (µCT) and 3-

point bend analyses. 

Results: ActA-Ab had minimal effects on hindlimb muscles mass and force production, 

body weights and bone microarchitecture in +/G610C mice, although Wt male mice 

exhibited increases with ActA-Ab treatment. In fact, ActA-Ab treatment decreased bone 

strength in male +/G610C mice. Mstn-Ab, as previously reported, significantly improved 
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hindlimb muscle weights and overall body weights in Wt and male +/G610C mice, but 

had minimal skeletal impact in +/G610C mice. Conversely, Combo treatment 

outperformed ActA-Ab alone or Mstn-Ab alone, consistently increasing hindlimb muscle 

and body weights regardless of sex or genotype, and improving bone microarchitecture 

and strength in both male and female +/G610C and Wt mice. 

Conclusion: Combinatorial inhibition of activin A and myostatin more potently increased 

muscle mass and bone microarchitecture and strength, recapturing most of the observed 

benefits of sActRIIB treatment in +/G610C mice.  

 

Keywords: Osteogenesis imperfecta, myostatin, activin A, muscle, bone 
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Introduction  

Osteogenesis imperfecta (OI) arises from defects in the structure, quantity and/or 

processing of type I collagen, which makes up about 90% of skeletal bone proteins(5,6). OI 

affects 1 in 10-15000 live births(73,83). Phenotypically, patients present with a range of 

features, key among which are bone fragility, decreased bone mineral density (BMD) and 

an increased propensity to fracture. Patients may also have skeletal deformities and 

growth retardation. OI is a connective tissue disorder, hence muscle weakness, joint 

hypermobility, dentinogenesis imperfecta, blue sclera, and hearing loss in adulthood are 

commonly associated extra-skeletal features(5,73). Genetically, OI is variable, and has 

been associated with over 1500 causative mutations, about 85-90% of which affect the 

structure and quantity of type 1 collagen(74). Classical autosomal dominant OI is grouped 

into four types according to disease severity: I (mild OI); II (perinatally lethal OI); III 

(most severe survivable form of OI); IV (moderately severe OI)(81). A revised OI 

classification paradigm currently accounts for additional types of OI caused by defects in 

osteoblast development, bone mineralization, collagen folding and cross-linking, and 

collagen processing, resulting in 16 types of OI (I-XVI)(5,6). To improve mobility with OI, 

orthopedic surgery, physical therapy and therapeutics, particularly bisphosphonate 

therapy, are employed(5,73). Intramedullary rods stabilize and strengthen long bones(11), 

but can migrate into soft tissues and joints, necessitating replacement surgeries(10,266). 

Children with OI have decreased trabecular bone thickness and number; decreased bone 

formation and increased bone remodeling relative to age-matched healthy children(109), so 

bisphosphonates, which are potent bone antiresorptive agents, are employed in an attempt 

to decrease bone-resorption (73). However, bisphosphonate use in children delays healing 
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of osteotomies and impairs metaphyseal modeling(9,231). Consequently, better treatment 

strategies need to be implemented.  

The G610C mouse model of OI has defects in the α2(I) chain of type I collagen 

and models mild to moderate type I/IV human OI(79). Heterozygous G610C mice 

(+/G610C) are phenotypically and genetically identical to an OI founder population with 

a glycine to cysteine transition in their collagen α2(I) chain(79). Increased susceptibility to 

skeletal fracture, decreased bone strength and BMD characterize the +/G610C bone, 

which models patients’ characteristics(79). 

Transforming growth factor β (TGF-β) ligands, especially those in the bone 

morphogenetic proteins (BMPs), growth differentiation factors (GDFs) and activin 

subfamilies have long been known to influence bone development(34,267). Myostatin, also 

known as GDF8, is secreted by myotubes and acts in an autocrine manner to negatively 

regulate muscle fiber size and number(15). Bone-forming osteoblasts and bone-resorbing 

osteoclasts also secrete activin A, a pro-osteoclastogenic molecule that increases 

osteoclastogenesis and decreases the osteogenic potential and mineralization capabilities 

of osteoblasts in vitro(265,268). Both myostatin and activin A signal through activin 

receptor type IIB (ActRIIB) which recruits type I tyrosine kinase receptors (Alk4,5,7) and 

elicits a canonical signaling cascade via Smad proteins. In addition to myostatin and 

activin A, ActRIIB binds multiple ligands including other activins (B,C,E), GDFs and 

BMPs(269). 

 Ligand traps inhibit the interactions of myostatin and activin A with their nascent 

receptors(18). One such ligand trap, the soluble activin receptor type IIB decoy molecule 
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(sActRIIB-mFc, increased muscle mass, bone microarchitecture and strength in +/G610C 

mice(19,20). ACE-031, another ligand trap which is a fusion protein of ActRIIB and IgG1-

Fc, altered body composition by increasing lean body mass, BMD, and reducing overall 

fat mass in boys with Duchene muscular dystrophy (DMD)(18). A trend towards 

functional improvements (6-minute walk test) was also observed although the trial was 

terminated due to adverse events likely caused by interactions of ACE-031 with other 

ActRIIB-specific targets(18). 

More recently, we have reported on the ability of Regn647, a neutralizing 

monoclonal myostatin antibody (Regeneron Pharmaceutical Inc.), to increase muscle 

masses in Wt and +/G610C mice(224). Bone responses were sex-dependent and OI 

inhibitory in response to Regn647 treatment. Male Wt mice had stronger bones and larger 

bone volumes whereas female Wt mice had no significant biomechanical improvements. 

Neither Regn647 treated +/G610C male nor female mice had improved bone strength(224). 

This data, in contrast to the skeletal observations with sActRIIB treatment suggested that 

myostatin inhibition alone is unable to effect beneficial skeletal changes in OI, 

necessitating consideration of a combinatory treatment approach with other ActRIIB-

target ligands. That said, Tauer and colleagues showed that ACE-2494, a myostatin and 

activin A-specific neutralizing antibody increased muscle and bone mass and 

biomechanical strength in wild type (Wt) mice, but failed to improve bone 

microarchitecture and strength in the Col1a1JRT/+ mouse, another model of severe 

dominant OI(200), further suggesting that disease severity and mutation type may impact 

treatment response.  
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Nonetheless, the impact of myostatin inhibition on muscle mass is highly 

pronounced(20,21,199,200,224,270). The mechanosensitive properties of bone suggest that 

increasing muscle mass may trigger changes in bone mass and strength(13,14). Further, 

activin A inhibition has been shown to improve bone microarchitecture and strength in 

C57BL/6N mice, and the bone phenotype in the osteopenic ovariectomized (OVX) 

mouse model of osteoporosis(162). OI is genetically and phenotypically variable, such that 

a treatment that fails to reflect desirable skeletal outcomes in one mouse model, provided 

it is not detrimental, could be beneficial in other mouse models. Thus, in an attempt to 

identify which ActRIIB target ligand more potently regulates postnatal skeletal muscle 

and bone properties in OI, we pursued investigation of inhibition of myostatin, activin A 

or both ligands with specific neutralizing monoclonal antibodies and report their effects 

on musculoskeletal properties of +/G610C mice in this study.  

Methods 

Study design, treatment and sample collection 

Male and female wild type (Wt) and heterozygous G610C (+/G610C, Col1a2tm1.1Mcbr)(79) 

mice on the C57BL/6 background were genotyped as previously described(19,20,224). Mice 

had ad-libitum access to food and water in the University of Missouri AAALAC-

accredited facility where they were housed. The University of Missouri ACUC approved 

study protocols which met the ARRIVE guidelines(247). Mice were randomly assigned to 

control antibody (Regn1945) or treatment groups [Activin A antibody (ActA-Ab, 

Regn2476), Myostatin antibody (Mstn-Ab, Regn647), Combo (both ActA-Ab and Mstn-

Ab)]. Treatment was performed as previously described(224). In brief, mice were injected 
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twice each week for 11 weeks starting at 5-weeks of age, with 10mg/Kg of body weight 

of the indicated antibodies. When mice were humanely euthanized at 16 weeks of age, 

tissues were collected and stored for further analyses. Hindlimb muscles [soleus, extensor 

digitorum longus (EDL), plantaris, quadriceps, tibialis anterior (TA) and gastrocnemius], 

were collected and weighed. Femurs were also stored in 1X PBS at -20˚C until analyses.  

Indirect Calorimetry and body composition analyses 

Prior to sacrifice, between 14-16 weeks of age, indirect calorimetry was performed to 

evaluate substrate utilization rates, energy metabolism and activity levels using 

Promethion metabolic cages (Sable Systems, Las Vegas, USA). Mice were individually 

housed with free access to food and water, and acclimatized a day prior to data collection 

in the chamber. Metabolic data was acquired over the next two days, the average energy 

expenditure (EE), mean O2 consumption (VO2) and CO2 production (VCO2), food and 

water intake, activity (X, Y, Z-axes beam breaks) and respiratory quotient (RQ) from a 

full circadian cycle (one 7 pm – 7 am nocturnal phase; and one 7 am – 7 pm diurnal 

phase) were determined.  

Body composition was then assessed using the Echo Magnetic Resonance Imaging 

(echoMRI) system. System tests were performed prior to each daily set of analyses. The 

system was also calibrated with a canola oil calibration system prior to use. For 

assessments, live mice were individually placed in the echoMRI body composition 

analyzer (E26-242-RMT, Echo Medical Systems, USA). Absolute and relative lean 

muscle mass, fat mass and total water were determined. 

Muscle contractility 
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Prior to euthanasia, mice were anesthetized with an intraperitoneal injection of 

ketamine/xylazine/acepromazine. To maintain body temperature at 37˚C during the 

muscle contractility analyses, mice were placed on heating pads. The left hindlimb was 

immobilized and the sciatic nerve surgically exposed. The distal tendons of the muscle 

were attached to a Grass force transducer via silk 4.0, adjusted to the length of the muscle 

and stimulated to obtain peak twitch with the following parameters: 0.5ms, 0.3Hz, and 

6V. Peak tetanic force was acquired using these parameters: 150Hz, 6V for 300ms for 

each muscle type(249). All data were collected by using the Power Lab® version 8 

software. The set up was performed for the left gastrocnemius, TA and soleus hindlimb 

muscles.  

Femoral Microarchitecture 

Excised right femora were cleaned of soft tissues, wrapped in gauze and stored in 1X 

PBS at -20˚C until analyses. MicroCT (µCT) analyses were conducted using the vivaCT 

40 μCT scanner (SCANCO Medical AG, Bassersdorf, Switzerland) using these 

parameters: 70kVp, 114μA, 8W X-ray energy intensity and high-resolution CT-scan with 

10 um isotropic voxel size (10 x 10 x 10 um)(250) and an integration time of 300ms as 

previously described(224). 

Femoral Biomechanical Testing 

Post- µCT, right femora were subjected to 3-point bend tests using the Instron 5942 

Universal testing System (Instron, MA, USA) and the BlueHill 3 Software Version 3.53 

(Illinois Tool Works Inc., IL, USA). Bones were placed anterior-posteriorly on support 

stands that were 9 mm apart. Testing was performed using a load cell with maximum 
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scale of 5 kg set on an automatic trigger force of 0.2N and a constant speed of 5mm/min 

until bone failure. Ultimate load, yield load, stiffness, post-yield displacement and work-

to-fracture were determined from the load displacement curve using Microsoft Excel as 

previously described(224). 

Statistics 

GraphPad Prism (GraphPad Software, San Diego, CA, USA) was used to detect outliers 

and graph data. Correlations, manova and anova analyses were ran using SAS software 

(SAS Institute, Inc., Cary, NC, USA). Weekly body weights were analyzed, as previously 

described using the first order autoregressive AR(1) model(224). Body and muscle weights 

at 16 weeks of age, bone microarchitectural and biomechanical data were analyzed 

independently as a 2 x 2 x 4 factorial [2 genotypes (Wt, +/G610C), 2 sexes (male and 

female), 4 treatments (Ctrl-Ab, Act-Ab, Mstn-Ab, Combo)]. For indirect calorimetry and 

body composition analyses, data was analyzed as a 2 x 2 x 2 factorial [2 genotypes (Wt, 

+/G610C), 2 sexes (male and female), 2 treatments (Ctrl-Ab, Combo)]. Differences were 

considered significant at p ≤ 0.1. Mstn-Ab, ActA-Ab and some Ctrl-Ab data were 

collected at an earlier time, and a subset of the Ctrl-Ab and Mstn-Ab data previously 

reported(224). 

Results 

Growth Trends 

Five-week-old male and female Wt and +/G610C mice were treated twice weekly 

with monoclonal antibodies to activin A (ActA-Ab, Regn2746) alone, myostatin (Mstn-

Ab, Regn647) alone or both activin A and myostatin (Combo) and compared with control 
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antibody (Ctrl-Ab, Regn1945). During the 11-week study period, Ctrl-Ab-treated male 

and female Wt mice had similar body weights as Ctrl-Ab-treated male and female 

+/G610C mice (Figure 1, Table 1). Male and female Wt mice exhibited increases in body 

weight with ActA-Ab treatment within 1 and 3 weeks of treatment respectively, although 

ActA-Ab treatment failed to increase body weights in +/G610C mice during the study 

period. Mstn-Ab treatment increased body weights within 2 and 3 weeks of treatment in 

male and female Wt mice respectively; and within 2 weeks of treatment in male 

+/G610C mice (data previously published [PMID 33249643]), but failed to increase 

body weights in female +/G610C mice. Combinatorial inhibition of both activin A and 

myostatin (Combo treatment) rapidly increased body weights within the 1st week of 

treatment in female Wt and male & female +/G610C mice; and in the 2nd week of 

treatment in male Wt mice, respectively. 
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Figure III.1: Changes in body weight with Ctrl-Ab, ActA-Ab, Mstn-Ab and Combo 

treatment in Wt and +/G610C mice over 11-week period. Male Wt (A), Male +/G610C 

(B), Female Wt (C), and Female +/G610C (D), were treated with either control antibody 

(Ctrl-Ab, black circle); activin A antibody (ActA-Ab, blue triangle); myostatin antibody 

(Mstn-Ab, red triangle) or combination activin A and myostatin antibodies (Combo, 

green square). Mean values are plotted; n=8-17. p<0.1 is indicated (Table 1) and 

considered significant. Mstn-Ab data were used in an earlier publication(224) and have 

been included here for ease of comparing to ActA-Ab and Combo treatment data.  



 

Table III.1: P-values for growth trends (Figure 1) in male and female Wt and +/G610C mice treated with ActA-Ab, Mstn-Ab 

or Combo versus Ctrl-Ab (Figure 1) 

Genotype
/Sex 

Treatment Wk5 Wk6 Wk7 Wk8 Wk9 Wk10 Wk11 Wk12 Wk13 Wk14 Wk15 Wk16 

Male Wt vs +/G610C n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s 0.096 n/s 

Female Wt vs +/G610C n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s 

Male Wt 

ActA-Ab n/s 0.0749 
0.034
3 

0.0448 0.0124 0.0176 0.0135 0.0254 0.0569 0.0784 0.064 0.0925 

Mstn-Ab n/s n/s 
0.082
7 

0.0706 0.016 0.0187 0.0034 0.0017 0.0004 0.0008 0.0004 0.0005 

Combo n/s 0.0403 
0.007
4 

0.0014 0.0006 0.0009 0.0003 
<0.000
1 

<0.000
1 

<0.000
1 

<0.000
1 

<0.000
1 

Male 
+/G610C 

ActA-Ab n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s 

Mstn-Ab n/s n/s n/s 0.0632 0.012 0.0021 0.0018 0.0007 0.0011 0.0002 
<0.000
1 

<0.000
1 

Combo 0.048 0.011 
0.000
9 

<0.000
1 

0.0004 0.0002 0.0002 
<0.000
1 

0.0003 
<0.000
1 

<0.000
1 

<0.000
1 

Female 
Wt 

ActA-Ab n/s n/s n/s 0.0159 0.0242 0.02 0.018 0.0181 0.0137 0.0137 0.0053 0.0065 

Mstn-Ab n/s 0.074 0.079 0.0088 0.0079 0.0084 0.0052 0.0008 0.0009 0.0022 0.0012 0.0003 

Combo 0.0135 0.0015 
0.000
1 

<0.000
1 

<0.000
1 

<0.000
1 

<0.000
1 

<0.000
1 

<0.000
1 

<0.000
1 

<0.000
1 

<0.000
1 

Female 
+/G610C 

ActA-Ab n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s 

Mstn-Ab n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s 

Combo 0.093 0.122 0.137 0.038 0.0261 0.048 0.039 0.0325 0.0542 0.0269 0.019 0.0874 
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Overall body and hind limb muscle mass 

At 16 weeks of age, Ctrl-Ab-treated Wt and +/G610C mice had equivalent body 

weights (Figure 2A). Increases in overall body weight with ActAA-Ab treatment were 

only observed in Wt mice [(female: +13.1%, p=0.001), (male: +5.3%, p=0.057)] (Figures 

2A & 2B). In fact, male +/G610C mice exhibited a non-significant -4.1% average loss in 

body weight with ActA-Ab treatment. Mstn-Ab treatment increased overall body masses 

in male Wt (+9.3%), female Wt (+16.2%) and male +/G610C (+7.7%) mice although a 

+5.7% increase in female +/G610C mice did not reach statistical significance. Combo 

treatment consistently increased overall body mass regardless of genotype or sex [Male 

Wt: +10.7%, Male +/G610C: +7%, Female Wt: +14.8%, Female +/G610C: +7.5%].  

Hindlimb muscle masses were also substantially increased with Mstn-Ab and 

Combo treatment regardless of genotype and sex, although Combo treatment consistently 

outperformed Mstn-Ab alone. ActA-Ab-treated Wt and male +/G610C mice showed 

trends towards increasing absolute weights of gastrocnemius (Figure 3A), quadriceps 

(Figure 3B), and TA muscles (Figure 3C), an effect that was lost when adjusted for 

overall body weight (Figures 4A, 4B and 4C). ActA-Ab failed to improve absolute or 

relative muscle mass in plantaris (Figure 3D), soleus (Figure 3E) or EDL (Figure 3F) 

muscles in all mice. 

Gastrocnemius muscle weights were increased in male & female Wt and male +/G610C 

mice with Mstn-Ab whereas Combo consistently increased gastrocnemius muscle masses 

regardless of sex or genotype (Figures 3A & 4A). Both absolute and relative quadriceps 

muscles were also increased with Mstn-Ab and Combo treatment (Figures 3B & 4B). 
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Further, Mstn-Ab increased the absolute and relative TA weights in male +/G610C and 

female Wt mice (Figure 3C & 4C) although Combo treatment increased absolute and 

relative TA muscle masses in all mice. Absolute but not relative plantaris muscle masses 

were increased in male & female Wt and male +/G610C mice with Mstn-Ab treatment 

(Figure 3D & 4D) as did absolute and relative EDL masses in female Wt and male 

+/G610C mice (Figure 3F & 4F).  

Combo treatment, however, increased both absolute and relative plantaris (Figure 3D & 

4D) and EDL (Figure 3F & 4F) muscle masses in all mice, as well as the absolute and 

relative soleus (Figure 3E & 4E) muscle weights in all genotype groups except female 

+/G610C mice. 

Muscle Contractility and Force Generation Assessment 

Muscle contractiles are an important measure of in-vivo muscle function. We therefore 

assessed the effects of treatment on muscle force generation in hindlimb gastrocnemius, 

TA and soleus muscles (Figure 5). The absolute whole muscle contractile generation 

capacity (Po) and relative contractile generating capacity (Po/g) of hind limb 

gastrocnemius and TA muscles were equivalent in Wt and +/G610C mice, as previously 

reported(20), but relative tetanic force in soleus muscles was lower in female +/G610C 

relative to female Wt mice.  

ActA-Ab treatment did not impact gastrocnemius muscle contractility in study mice 

(Figures 5A and 5B) but increased TA Po in Wt female mice and soleus Po/g in male Wt 

mice (Figures 5C, 5D).  
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Mstn-Ab had more widespread effects, increasing Po of the gastrocnemius, soleus and TA 

hindlimb muscles in Wt male mice, soleus Po in male +/G610C; and TA Po in female Wt 

mice. TA Po/g in male +/G610C was however decreased with Mstn-Ab treatment.  

Surprisingly, Combo treatment decreased Po in gastrocnemius and TA muscles in male 

+/G610C mice, and lowered gastrocnemius Po/g in +/G610C gastrocnemius muscles and 

Po/g in TA muscles in all mice regardless of sex or gender, a startling observation that 

was also previously made with sActRIIB treatment(20). Unfortunately, this study was not 

powered to detect significant changes due to small animal numbers for the contractile 

assessments. 
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 Figure III.2: Changes in body weight with control antibody and Combo treatment in Wt 

and +/G610C mice. A) Body weight, B) Percent change in body weight as a result of 

treatment with either control antibody (Ctrl-Ab, black circle); activin A antibody (ActA-

Ab, blue triangle); myostatin antibody (Mstn-Ab, red triangle) or combination activin A 

and myostatin antibodies (Combo, green square). Values are median with interquartile 

range, n=8-15. P-values <0.1 are indicated and considered significant. Mstn-Ab data were 

used in an earlier publication(224) and have been included here for ease of comparing to 

ActA-Ab and Combo treatment data. 
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Figure III.3: Changes in whole hindlimb muscle masses (g) in Wt and +/G610C mice 

with treatment. A) Gastrocnemius, B) Quadriceps C) Tibialis Anterior D) Plantaris E) 

Soleus F) EDL muscle weights as a result of treatment with either control antibody (Ctrl-

Ab, black circle); activin A antibody (ActA-Ab, blue triangle); myostatin antibody 

(Mstn-Ab, red triangle) or combination activin A and myostatin antibodies (Combo, 

green square). Values are median with interquartile range, n=8-15. P-values <0.1 are 

indicated and considered significant. Some of the Mstn-Ab data were used in an earlier 

publication(224) and have been included here for ease of comparing to ActA-Ab and 

Combo treatment data. 
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Figure III.4: Changes in relative hindlimb muscle masses in Wt and +/G610C mice with 

treatment. Relative A) Gastrocnemius, B) Quadriceps C) Tibialis Anterior D) Plantaris E) 

Soleus F) EDL muscle weights as a result of treatment with either control antibody (Ctrl-

Ab, black circle); activin A antibody (ActA-Ab, blue triangle); myostatin antibody 

(Mstn-Ab, red triangle) or combination activin A and myostatin antibodies (Combo, 

green square). Values are median with interquartile range, n=8-15. P-values <0.1 are 

indicated and considered significant.  
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Figure III.5: Absolute and Relative hindlimb muscle contractile force generation of Ctrl-

Ab, ActA-Ab, Mstn-Ab and Combo-treated Wt and +/G610C mice. A) Gastrocnemius 

peak tetanic force, B) Gastrocnemius relative tetanic force, C) TA peak tetanic force, D) 

TA relative tetanic force, E) Soleus Peak Tetanic Force F). Soleus Relative tetanic force. 

Mice were treated twice weekly with 10mg/kg of control antibody (Ctrl-Ab, black circle); 

activin A antibody (ActA-Ab, blue triangle); myostatin antibody (Mstn-Ab, red triangle) 

or combination activin A and myostatin antibodies (Combo, green square) for 11 weeks. 

Values are median with interquartile range, n=1-12. P-values <0.1 are indicated and 

considered significant. Mstn-Ab data were used in an earlier publication(224) and have 

been included here for ease of comparing to ActA-Ab and Combo treatment data. 
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Heart and Spleen Weights 

In Ctrl-Ab-treated mice, absolute heart and spleen weights were comparable 

between male Wt and +/G610C mice, although female +/G610C mice had increased 

relative heart and spleen weights as compared to female Wt mice (Figure 6).  

ActA-AB treatment did not impact heart weights, but increased absolute spleen 

weights in male and female Wt mice. Mstn-Ab decreased relative heart weights in male 

Wt and female +/G610C mice, and decreased relative spleen weights in male +/G610C 

mice. Combo treatment resulted in decreased relative heart and spleen weights in all mice 

regardless of sex and genotype. These decreases are likely a result of overall increases in 

body and muscle masses. 

Absolute and relative fat mass 

The absolute weights of inguinal fat, gonadal fat and brown adipose tissue (BAT) 

did not differ between Ctrl-Ab-treated Wt and +/G610C mice except for gonadal fat mass 

in male mice (Figure 7). Combo treatment stimulated an overall trend toward decreased 

fat mass in all mice, significantly decreasing relative inguinal fat and BAT mass in male 

Wt and female +/G610C mice respectively. 

Body Composition 

EchoMRI body composition analyses demonstrated that absolute lean muscle and 

total water masses in control +/G610C mice were lower than in control Wt mice. These 

decreases were no longer present when normalized to total body weight (Figures 8A, 8C). 

Also, main treatment effect was evident across all sex/genotype groups with significant 

changes in overall body composition with Combo treatment. Both absolute and relative 
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lean muscle mass were increased in mice regardless of genotype or sex with Combo 

treatment (Figure 8A). Overall fat masses and relative fat masses were prominently 

reduced with Combo administration in all treatment groups except absolute fat masses in 

male Wt mice (Figure 8B). Lastly, total body water was higher in all Combo-treated 

mice, concomitant with the observed increase in muscle mass (Figure 8C). 

Energy expenditure and substrate utilization 

Continuous indirect calorimetry measurements revealed that at baseline, Wt and 

+/G610C-Ctrl-Ab-treated mice displayed comparable average energy expenditure (EE, 

Figure 9A, 9B), VO2 consumption (Figure 9C, 9D) and VCO2 production (Figure 9E, 

9F). The Combo treatment appeared to increase average EE in all mice except for male 

Wt mice, although the increase was only significant during the day in male +/G610C 

mice (Figure 9A, 9B). The Combo treatment also led to an increase in VO2 consumption 

in male +/G610C mice during the day and increased VCO2 production in female Wt mice 

at night. The mean respiratory quotient (RQ) remained unchanged regardless of sex, 

genotype or treatment (Figure 9G, 9H). 
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Figure III.6: Relative heart and spleen weights of Wt and +/G610C male and female 

mice treated with either control antibody (Ctrl-Ab, black circle); activin A antibody 

(ActA-Ab, blue triangle); myostatin antibody (Mstn-Ab, red triangle) or combination 

activin A and myostatin antibodies (Combo, green square). A) Absolute and relative heart 

weights, and B) Absolute and relative spleen weights at 16-weeks of age. Values are 

median with interquartile range, n=8-16. P-values <0.1 are indicated and considered 

significant.  
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Figure III.7: Absolute and Relative fat masses in Wt and +/G610C-treated mice. A) 

Absolute and relative inguinal fat, B) Absolute and relative gonadal fat, and C) Absolute 

and relative brown adipose tissue (B.A.T) weights in Wt and +/G610C mice treated for 

11-weeks with Control antibody (Ctrl-Ab, black circle) or combination activin A and 

myostatin antibodies (Combo, green square). Values are median with interquartile range, 

n=4-14. P-values <0.1 are indicated and considered significant.  
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Figure III.8: Body Composition of Ctrl-Ab and Combo-treated Wt and +/G610C mice. 

A) Absolute and Relative Lean Muscle Mass, B) Absolute and Relative Fat mass, and C) 

Absolute and relative total water. Mice were treated twice weekly with 10mg/kg of 

control antibody (Ctrl-Ab, black circle); or combination activin A and myostatin 

antibodies (Combo, green square) for 11 weeks. Values are median with interquartile 

range, n=9-15. P-values <0.1 are indicated and considered significant.  
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Figure III.9: Indirect calorimetry of Ctrl-Ab, and Combo-treated Wt and +/G610C mice. 

The treatment effects of inhibiting both activin A and myostatin (Combo) on A) Mean 

energy expenditure (day cycle), B) Mean energy expenditure (night cycle, C) Mean O2 



129 
 

Consumption (Day cycle), D) Mean O2 Consumption (Night cycle), E) Mean CO2 

Consumption (Day cycle), F) Mean CO2 Consumption (Night cycle), G) Mean 

Respiratory Quotient (Day Cycle), H) Mean Respiratory Quotient (Night Cycle) are 

presented. Mice were treated twice weekly with 10mg/kg of control antibody (Ctrl-Ab, 

black circle); or combination activin A and myostatin antibodies (Combo, green square) 

for 11 weeks. Values are median with interquartile range, n=5-10. P-values <0.1 are 

indicated and considered significant. 
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Food and Water Intake 

Sex-matched Wt control mice consumed similar amounts of food as +/G610C 

mice during both diurnal and nocturnal cycles (Figures 10A-D). Male Wt mice consumed 

less food and water with Combo treatment during the day (Figures 10A, 10C), whereas 

female Wt mice appeared to consume more food at night (Figure 10B). All other mice 

exhibited a trend towards lower food and water intake during both diurnal and nocturnal 

cycles with the Combo treatment. 

Activity 

Laser beams set across the X, Y, Z-axes recorded motion across the specific 

planes while mice were housed within the metabolic cages. Control Wt and +/G610C 

mice demonstrated similar activity levels across the X, Y and Z-axes during both day and 

night cycles (Figures 11A-11F). Thus, no main genotype effect on movement along 

parallel, perpendicular or vertical lanes were observed. During the night cycles, Combo 

treatment decreased movement along the X-axis in male Wt and along the Z-axis in 

female Wt and increased Y-axis beam breaks in female +/G610C mice. During both day 

and night cycles, Z-axis beam breaks or vertical rearing motions were decreased in male 

Wt mice with Combo treatment (Figures 11E, 11F). Overall, the Combo-treatment 

stimulated a trend towards decreased X- and Z-axes motion and increased Y-axes motion 

in female +/G610C. A trend towards increased X, Y, and Z-axes breaks during the day, 

and decreased Z-axis breaks during the night was observed in Combo-treated male 

+/G610C but did not reach significance. Female Wt mice also showed trends towards 

increased X-axis and decreased Y-and Z-axes motion that were not significant. 
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Figure III.10: Food and Water Intake of Ctrl-Ab and Combo-treated Wt and +/G610C 

mice A) Total Food Consumed (day cycle), B) Total Food Consumed (night cycle), C) 

Total Water Intake (Day cycle), D) Total Water Intake (Night cycle). Mice were treated 

twice weekly with 10mg/kg of control antibody (Ctrl-Ab, black circle); or combined 

activin A and myostatin antibodies (Combo, green square) for 11 weeks. Values are 

median with interquartile range, n=5-10. P-values <0.1 are indicated and considered 

significant. 
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Figure III.11: Activity levels of Ctrl-Ab and Combo-treated Wt and +/G610C mice.  A) 

Movement along the X-axis (day cycle), B) Movement along the X-axis (night cycle), C) 

Movement along the Y-axis (Day cycle), D) Movement along the Y-axis (Night cycle), 

E) Movement along the Z-axis (Day cycle), F) Movement along the Z-axis (Night cycle). 

Mice were treated twice weekly with 10mg/kg of control antibody (Ctrl-Ab, black circle); 

or combination activin A and myostatin antibodies (Combo, green square) for 11 weeks. 

Values are median with interquartile range, n=5-10. P-values <0.1 are indicated and 

considered significant. 
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Cortical Bone microarchitecture 

Cortical microCT confirmed decreases in cortical bone parameters in mice with 

OI. Female +/G610C Ctrl-Ab-treated mice had decreased bone area (BA, Figure 12A), 

total area (Figure 12B), and polar moment of inertia (pMOI, Figure 12C) relative to 

female Wt mice at 16 weeks of age. Male +/G610C mice also had decreased total area 

(TA, Figure 12B) and pMOI (Figure 12C). The bone area fraction, BA/TA (Figure 12D) 

and tissue mineral density (TMD, Figure 12E) values in male and female +/G610C mice 

were higher than in their Wt counterparts. Finally, the lengths of Wt and +/G610C mouse 

femurs were equivalent (Figure 12F). 

ActA-Ab treatment increased BA, TA and pMOI in male Wt mice but effected no 

changes in female Wt and male & female +/G610C mice. Mstn-Ab primarily increased 

BA, TA and pMOI in Wt mice, but decreased BA/TA in female +/G610C mice. The 

Combo-treatment improved BA, pMOI and TMD in all mice regardless of sex and 

gender. The Combo treatment also increased TA in male Wt and +/G610C mice, and 

BA/TA in male Wt, female Wt and male +/G610C. The Combo treatment did not impact 

femur length.  

A summary of the treatment effects relative to Ctrl-Ab-treated Wt mice are shown 

in Table 2. ActA-Ab equalized BA in male and female +/G610C to Ctrl-Ab-treated Wt 

levels and further increased BA/TA levels. Mstn-Ab reversed BA and pMOI in male 

+/G610C to Ctrl-Ab Wt levels, whereas the Combo treatment restored BA and pMOI in 

all +/G610C to Wt levels. 
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Figure III.12: Cortical bone microarchitecture of Ctrl-Ab, ActA-Ab, Mstn-Ab and 

Combo-treated Wt and +/G610C mice. A) Bone area (BA), B) Total Area (TA), C) Polar 

Moment of Inertia (pMOI), D) Bone Area fraction (BA/TA),  E) Tissue Mineral Density, 

F) Femur Length. Mice were treated twice weekly with 10mg/kg of control antibody 

(Ctrl-Ab, black circle); activin A antibody (ActA-Ab, blue triangle); myostatin antibody 
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(Mstn-Ab, red triangle) or combination activin A and myostatin antibodies (Combo, 

green square) for 11 weeks. Values are median with interquartile range, n=4-13 for femur 

length; n=8-13 for cortical bone parameters. P-values <0.1 are indicated and considered 

significant. Mstn-Ab data were used in an earlier publication(224) and have been included 

here for ease of comparing to ActA-Ab and Combo treatment data. 

 

 

Table III.2: Summary of ActA-Ab, Mstn-Ab or Combo treatment effects on cortical 

bone microarchitecture in +/G610C mice relative to sex-matched control Wt mice 

 
Bone Area Total Area BA/TA pMOI 

Treatment/Sex Male Female Male Female Male Female Male Female 

Ctrl-Ab 
 

              

ActA-Ab                 

Mstn-Ab                 

Combo                 
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Trabecular Bone Microarchitecture 

Both male and female Ctrl-Ab-treated +/G610C mice have decreased trabecular 

bone volume (BV, Figure 13B), bone volume fraction (BV/TV, Figure 13C), trabecular 

number (Tb.N, Figure 13D) and bone mineral density (BMD, Figure 13G) relative to 

Ctrl-Ab-treated Wt mice. Trabecular spacing (Tb.Sp, Figure 13F) is also increased in 

both male and female Ctrl-Ab-treated +/G610C mice relative to Ctrl-Ab-treated Wt mice. 

No differences in trabecular thickness were observed between sex-matched Ctrl-Ab-

treated Wt and +/G610C (Figure 13E). These data support previous reports of 

compromised trabecular bone microarchitecture in the G610C mouse model(19,79). 

Combo treatment produced the most significant increases in trabecular bone 

properties in all mice relative to ActA-Ab alone or Mstn-Ab alone (Figure 13). ActA-Ab 

increased BV/TV, Tb.N and BMD in male Wt mice only and decreased Tb.Sp in both 

male Wt and +/G610C mice. Mstn-Ab treatment increased TV and BV/TV in female Wt 

mice, BV in Wt and male +/G610C, but decreased Tb.th and BMD in female +/G610C 

mice.  

The Combo treated male and female Wt mice experienced significant gains in TV, BV, 

BV/TV, Tb.N, and BMD except for Tb.th where only male Wt mice had gains; and Tb.Sp 

which was decreased in male Wt mice. In both male and female +/G610C mice, the 

Combo treatment also increased BV, BV/TV, Tb.N, BMD; and decreased Tb.Sp.  

Table 3 summarizes trabecular bone properties of ActA-Ab, Mstn-Ab, or Combo-

treated +/G610C mice in comparison with sex-matched control Wt mice. ActA-Ab 

increased Tb.th in +/G610C female mice, reverting the bone phenotype to control Wt 
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levels. Mstn-Ab only reverted BV/TV in male and Tb.th in both male and female 

+/G610C mice to control Wt levels. Combo treatment consistently increased and 

reversed the trabecular bone microarchitecture properties BV/TV, Tb.N, Tb.th and BMD, 

to control Wt levels in both male and female mice. 
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Figure III.13: Trabecular bone properties of Ctrl-Ab, ActA-Ab, Mstn-Ab and Combo-

treated Wt and +/G610C mice.  A) Total Volume (TV), B) Bone Volume (BV), C) Bone 

Volume fraction (BV/TV), D) Trabecular Number (Tb.N), E) Trabecular Thickness 
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(Tb.th), F) Trabecular Spacing (Tb.sp), F) Bone Mineral Density (BMD). Mice were 

treated twice weekly with 10mg/kg of control antibody (Ctrl-Ab, black circle); activin A 

antibody (ActA-Ab, blue triangle); myostatin antibody (Mstn-Ab, red triangle) or 

combination activin A and myostatin antibodies (Combo, green square) for 11 weeks. 

Values are median with interquartile range, n=8-14. P-values <0.1 are indicated and 

considered significant. Mstn-Ab data were used in an earlier publication(224) and have 

been included here for ease of comparing to ActA-Ab and Combo treatment data. 

 

 

Table III.3: Summary of ActA-Ab, Mstn-Ab or Combo treatment effects on trabecular 

bone properties in +/G610C mice relative to sex-matched control Wt mice  

 
BV/TV Tb. N Tb. th BMD 

Treatment/Sex Male Female Male Female Male Female Male Female 

Ctrl-Ab 
 

              

ActA-Ab                 

Mstn-Ab                 

Combo                 
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Femoral Biomechanical Properties 

Among control mice, male +/G610C have higher maximum (Figure 14A) and 

yield loads (Figure 14B), similar stiffness (Figure 14C) and lower post-yield 

displacements (Figure 14D) and work-to-fracture (W.T.F., Figure 14E) as male Wt mice. 

Female +/G610C have lower maximum and yield loads, stiffness and W.T.F. relative to 

Wt female mice as previously reported(224).  

The Combo-treatment consistently increased maximum load, yield loads and 

stiffness in all mice regardless of genotype and sex. It also enhanced W.T.F in male 

+/G610C mice and decreased post-yield displacement in male and female Wt mice. 

ActA-Ab treatment actually decreased biomechanical strength (maximum and yield loads 

and stiffness) in male +/G610C and female Wt mice; and W.T.F in female Wt mice, 

proving detrimental to bone biomechanical strength.  

Mstn-Ab treatment resulted in higher post-yield displacement in female Wt and +/G610C 

mice; and W.T.F in female Wt mice; but decreased maximum load (Female Wt), yield 

load (Female Wt and +/G610C) and stiffness (Male +/G610C). A summary of these 

results in Table 4 show a consistently improved femoral biomechanical profile in male 

and female +/G610C mice with the Combo treatment. 
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Figure III.14 Bone Biomechanical properties of Ctrl-Ab, ActA-Ab, Mstn-Ab and 

Combo-treated Wt and +/G610C mice. A) Maximum Load, B) Yield Load, C) Stiffness,  

D)Post-Yield Displacement,  E) Work-to-fracture. Mice were treated twice weekly with 

10mg/kg of control antibody (Ctrl-Ab, black circle); activin A antibody (ActA-Ab, blue 

triangle); myostatin antibody (Mstn-Ab, red triangle) or combination activin A and 

myostatin antibodies (Combo, green square) for 11 weeks. Values are median with 

interquartile range, n=7-16. P-values <0.1 are indicated and considered significant. Mstn-

Ab data were used in an earlier publication(224) and have been included here for ease of 

comparing to ActA-Ab and Combo treatment data. 
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Table III.4: Summary of ActA-Ab, Mstn-Ab or Combo treatment effects on bone 

biomechanical properties in +/G610C mice relative to sex-matched control Wt mice  

 
Max Load Yield Load Stiffness PYD WTF 

Treatme

nt/Sex 
Male 

Fema

le 

Ma

le 

Fema

le 

Ma

le 

Fema

le 

Ma

le 

Fema

le 

Ma

le 

Fema

le 

Ctrl-Ab 
 

                  

ActA-Ab                     

Mstn-Ab                     

Combo                     
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Discussion 

In the present study, we examined the inhibition of circulating activin A alone, 

myostatin alone, or in combination, through treatment with anti-activin A and anti-

myostatin antibodies to improve bone and muscle properties in Wt and +/G610C mice. 

Our study revealed that combinatorial inhibition of both myostatin and activin A 

(Combo) significantly increased hindlimb muscles and overall body masses in mice 

regardless of sex or genotype to a greater degree compared to activin A or myostatin 

inhibition alone. The Combo treatment also improved bone microarchitecture and 

strength in both Wt and +/G610C mice. The results of  myostatin inhibition alone has 

been previously published and did not significantly impact postnatal bone homeostasis in 

+/G610C mice(224) (Chapter II). 

Bone is mechanosensitive, responding to forces, mostly from skeletal muscle by 

adjusting its mass and strength(14). Accordingly, this intricate physiologic and anatomic 

connection points to both the necessity and opportunity of successful therapeutic 

approaches to musculoskeletal disorders to focus on both bone and muscle. Myostatin 

and activin A are ligands in the TGF-β superfamily which regulate musculoskeletal 

development and homeostasis(15,166,268,269). Decreasing circulating myostatin levels 

dramatically increases skeletal muscle mass(15), while decreasing circulating levels of the 

pro-osteoclastogenic molecule, activin A, strengthens murine bone and improves bone 

geometry(162). ActRIIB-ligand traps are known to reduce circulating levels of multiple 

ligands, including myostatin and activin A, whiles markedly increasing muscle and bone 

properties in Wt mice(20,200,224,241) and in multiple murine models of OI including the mild 

to moderate type I/IV G610C and the severe type III OIM (oim/oim) models(19,21). The 
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significant enhancement of Wt and G610C muscle masses by the combinatorial inhibition 

of myostatin and activin A is comparable to results from a 2017 study by Latres and 

colleagues who observed that inhibiting myostatin in concert with activin A more 

potently increased skeletal muscle and overall lean body mass in SCID mice than 

inhibiting either ligand alone(22). We found the increase was not limited to hindlimb 

muscle groups alone, since total lean muscle mass, as determined by EchoMRI analyses, 

was increased with Combo treatment, with paralleled decreases in overall body fat mass 

and increases in total body water. Interestingly, absolute heart and spleen weights were 

unchanged with Mstn-Ab and Combo treatments although relative weights were lower. 

This suggests that both treatments do not impact heart and spleen weights. The effect of 

Combo treatment on musculature provides further evidence that both activin A and 

myostatin regulate postnatal skeletal muscle homeostasis in mice. Activin A inhibition 

increased body weights and the weights of some hindlimb muscle groups in male and 

female Wt mice, with obvious improvements in bone microarchitecture in male Wt mice. 

However, inhibiting activin A decreased body weights in male +/G610C mice and 

hindlimb TA muscles of both male and female +/G610C mice.  

Type I OI is considered the mildest type of OI. Yet, 80% of type I OI patients 

experience muscle weakness, generating less force per body weight relative to healthy 

controls(271) although in children, this inherent muscle pathology may not be solely due to 

inactivity. In a study of ambulatory type I OI children, Pouliot-Laforte et. al., found that 

OI children have equivalent activity levels as their age-matched healthy counterparts(271). 

Further, even when their small muscle masses are accounted for, muscle frailty and 

deficient force production is still evident(219,271,272).This is particularly troubling since 
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upper and lower limb muscle strength influence ambulation levels in patients(273). In 

addition, muscle weakness is hypothesized to contribute to the weak bone phenotype in 

OI since muscle influences bone mass, strength and geometry(14,274). In this study, we 

observed that +/G610C mice have similar activity levels as Wt mice at 16 weeks of age, 

as previously reported(243,243). Also, besides differences in force production in TA 

muscles, 16 week-old control +/G610C mice had similar absolute whole muscle 

contractile force as Wt mice, contrary to previous observations made in the more severe 

type III OI mouse (oim/oim) which has compromised muscle function(110,243). In the study 

by Jeong et al., sActRIIB-mFc treatment reduced absolute peak tetanic forces in both Wt 

and +/G610C hindlimb muscles, similar to the observations in this study where the 

Combo treatment decreased muscle force production regardless of sex or genotype(20). 

This is in contrast to the outcomes of myostatin inhibition alone (Figure 5) where Wt 

male gastrocnemius, TA and soleus muscles and +/G610C soleus muscles exhibited 

increased peak tetanic forces, although relative TA tetanic force in male +/G610C mice 

was reduced. The similar muscle force production profiles in both sActRIIB and Combo-

treated mice suggests that myostatin and activin A are the primary regulators of the 

sActRIIB-muscle treatment response in previous studies(20) even though sActRIIB binds 

multiple targets. The startling observations can be attributed to the knowledge that 

myostatin affects AMPK signaling, modulates insulin sensitivity, glucose uptake,  

mitochondrial respiration, and maintenance of muscle durability and fatigue 

resistance(275). Hence, deficiency results in loss of specific peak tetanic force 

[Po/CSA(µm2)] as seen in myostatin null (mstn-/-) mouse muscle relative to Wt 

mice(276,277). Also,  muscles from mstn-/- mice have decreased capacity for exercise, and 
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are easily fatigued due to mitochondrial dysregulation and a higher preference for 

glycolysis(277,278), thus complete knock-out or removal of circulating myostatin will likely 

be detrimental to OI muscles. In fact, partial myostatin deficiency induced in severe 

homozygous oim (oim/oim) mice with sActRIIB treatment improved muscle force 

production(20). Moreover, sActRIIB has been shown to alter gene expression profiles in 

mouse quadriceps muscles, reducing the expression of β-oxidation and oxidative 

metabolism genes,  which decreases the rate of oxidative phosphorylation, and increases 

metabolic stress and muscle fatigability in Wt mice relative to control PBS-treated Wt 

mice(279,280). Thus, the increases in muscle mass engineered by myostatin deficiency does 

not often mirror improvements in muscle force(276,280,281).  

In contrast, Latres et al. demonstrated in 9-week-old SCID mice that inhibition of activin 

A and myostatin by monoclonal antibodies or with a decoy receptor for 21 days improved 

muscle force production (22). It is noteworthy that in the latter study, mice were treated for 

3 weeks compared to the 8 and 11 weeks of treatment undertaken by Jeong et al., or in 

this current study, respectively(20). It is therefore possible that short term inhibition of 

both activin A and myostatin may result in more functional improvements in muscle 

mass and force relative to longer treatment strategies. An investigation using the mdx 

mouse model of Duchene muscular dystrophy mouse model did indeed show that long 

term myostatin inhibition was less effective at improving muscle force than short-term 

myostatin treatment(282). Moreover, in separate studies investigating the impact of 

ActRIIB-mFc treatment in aging, a 30-day treatment of 18 month old mice with ActRIIB-

mFc resulted in increased muscle force production while increases in muscle force were 
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observed after only 3 days of sActRIIB-mFc treatment in 10 to 12-month old 

orchidectomized C57BL6 mice (260).  

Pre-pubertal OI patients have increased metabolic, heart and respiration rates 

along with higher than normal oral temperatures, and have been described as being in a 

hyper-metabolic state, which normalizes at the onset of puberty(283).  Also, type III OI 

patients are noted to be heat intolerant, and may become critically overheated during 

anesthesia(284). This hyper-metabolic state is expected to deplete body fat stores, as 

observed in mstn-/- mice which have reduced overall body fat mass, less fat accumulation 

with age, and higher lean mass relative to Wt and mstn-/+ mice (192,195,197,285). Conversely, 

pediatric OI patients have similar subcutaneous forearm fat as healthy children and 

adolescents although muscle and bone CSA is lower especially in types I and III OI (286). 

We observed in this study that Ctrl-Ab-treated Wt and +/G610C mice had equivalent fat 

masses, although adiposity was decreased in all mice with Combo treatment.  

In 2017, a report on the presence of a metabolic phenotype in pre-pubertal Col1a1Jrt/+ 

mice, similar to the pre-pubertal metabolic phenotype in OI patients was published(287). 

Four-week-old Col1a1Jrt/+ mice were shown to have higher energy expenditure (EE), 

average O2 consumption and average CO2 production, a phenotype that is mostly 

resolved by 8 weeks age (equivalent to a young human adult) (287). Col1a1Jrt/+ is a more 

severe model of OI caused the skipping of exon 9, which results in deletion of an 18 

amino acid sequence in the triple helical domain the alpha I chain of type I collagen (287). 

Col1a1Jrt/+ mice ate similar amounts of food but consumed more water per lean body 

mass and moved much less than Wt mice at 4 weeks of age(287). Our current study does 

not reveal genotypic influences on energy expenditure, food intake and activity, implying 
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that between 14 and 16 weeks of age, +/G610C mice do not exhibit a metabolic 

phenotype, although studies investigating the presence of a metabolic phenotype at an 

earlier age in +/G610C mice remain to be done.  

In multiple studies, myostatin inhibition alone failed to improve post-natal bone 

microarchitecture in some murine models of disease, although myostatin enhances 

osteoclastogenesis and decreases osteoblast activity(19,188,199,200,216,224). A soluble 

myostatin decoy receptor (ActRIIB-Fc) which inhibits activins-A, -B and –AB, BMP-11 

and myostatin  increased femoral trabecular bone mass, bone volume and vertebral bone 

strength in SCID mice whereas a neutralizing myostatin antibody did not, although both 

treatments substantially increased muscle mass (241,288). Another study using an anti-

myostatin antibody (YN41) failed to demonstrate increases bone microarchitecture in 

mice both on earth and in the microgravity space environment(199), although an ACVR2B 

decoy receptor did improve bone mass in mice both on earth and in the microgravity 

space(270). Furthermore, myostatin KO mice administered ActRIIB-Fc exhibited increased 

bone volume, suggesting that ligands besides myostatin contribute to the regulation of 

postnatal bone homeostasis(241). Lastly, the results in Chapter II demonstrated that 

myostatin inhibition alone is inadequate to effect beneficial changes in post-natal 

+/G610C bone(224).  

Data on the impact of activin A in postnatal bone homeostasis is less clear. Activin A has 

been shown to improve fracture healing by promoting endochondral bone formation and 

improving bone mass and strength in aged rats(161,179). Nonetheless, in more recent studies 

inhibiting activin A, typically using ActRIIA decoys, bone mass and strength in Wt and 

ovariectomized (OVX) C57BL6 mice are improved(162,179). In this study, activin A 
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inhibition was detrimental to bone biomechanical strength in male +/G610C and female 

Wt mice, decreasing maximum and yield loads and work-to-fracture values. The 

combined inhibition of both activin A and myostatin, however synergistically increased 

bone microarchitectural and biomechanical properties in Wt and +/G610C mice, a likely 

result of the combined increase in lean muscle mass (since lean muscle mass positively 

correlates with BMD(289)) and direct effects of activin A and myostatin inhibition on bone 

homeostasis. This hypothesis failed to hold true when Col1a1Jrt/+ mice were treated with 

ACE-2494, a soluble ActRIIB decoy receptor highly specific for myostatin and activin A 

alone(200). Although substantial increases in musculature was observed with treatment, 

Col1a1Jrt/+ mice did not exhibit improvements in bone mass and biomechanical 

properties(200). Also, oim/oim mice treated with sActRIIB had increased muscle masses 

and trabecular bone volume but no increases in biomechanical strength, whereas 

sActRIIB-treated +/G610C mice had both larger hindlimb muscles and better femoral 

microarchitectural and biomechanical properties. These observations further reinforce the 

notion that the underlining mutation, the extent of OI severity and degree of bone and 

muscle tissue pathology indeed dictate therapeutic responses. 

To summarize, in this study, we were able to elicit increases in postnatal 

+/G610C muscle mass, skeletal bone microarchitecture and strength with a treatment 

strategy inhibiting both activin A and myostatin using highly specific monoclonal 

antibodies. Decreases in muscle contractility function with the combination treatment 

warrants additional studies to determine the optimum treatment duration for myostatin 

inhibition therapy. Since current bisphosphonate treatments fail to increase muscle force 

production, exercise tolerance and exhaustion(290), and current OI clinical trials are not 
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muscle-focused, identifying a bone anabolic and muscle-strengthening therapy has the 

potential to be highlt beneficial in OI management. Even in the absence of increasing 

muscle strength, the preservation of muscle mass in conditions where deteriorating 

muscle mass is inevitable such as microgravity or bed rest(199,270) warrants further 

investigations of both myostatin and activin A inhibition as treatment strategies.  

The bone responses to the combined inhibition of activin A and myostatin (Combo) 

revealed improvements that were greater than the additive effects of inhibiting myostatin 

or activin A alone, suggesting that our observations are a combined result of the 

synergistic responses to the absence of myostatin and activin A perhaps, in addition to 

increased mechanotransduction, necessitating additional studies to elucidate the 

mechanism by which the Combo treatment improved bone microarchitecture and 

strength. Since sActRIIB treatment increased osteoblast and osteoclast numbers and 

decreased osteoclast activity in Wt and +/G610C(19), it is likely that the Combo treatment 

may stimulate similar pathways.  

Lastly, peak bone mass in C57BL6 mice is attained at 16 weeks of age, akin to young 

adulthood in humans(248,291). This suggests that a treatment like the Combo may not have 

to be initiated in-utero or right after birth since initiating treatments in pre-pubertal mice 

still improved the OI bone phenotype in this study.  
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CHAPTER IV 

 

SUMMARY AND FUTURE DIRECTIONS 

The objectives of this dissertation research were to 1) investigate the effect of 

prenatal genetic myostatin deficiency in the mild to moderate G610C mouse model of 

osteogenesis imperfecta (OI), 2) investigate the effect of post-natal pharmacological 

myostatin inhibition in wildtype and +/G610C OI mice, 3) investigate the influence of 

post-natal activin A inhibition in wildtype and +/G610C OI mice, and 4) investigate the 

effects of combined myostatin and activin A inhibition on muscle and bone properties in 

wildtype and +/G610C OI mice. My investigations have demonstrated that 1) both 

genetic and pharmacological myostatin inhibition enhance muscle mass in male and 

female wildtype and +/G610C OI mice, 2) genetic myostatin inhibition demonstrates 

greater skeletal influences in +/G610C mice relative to post-natal pharmacological 

myostatin inhibition alone and, 3) although activin A inhibition exhibited some 

detrimental effects in bone and muscle in +/G610C mice, 4) the combined inhibition of 

activin A and myostatin demonstrated greater enhancement of muscle and bone 

properties in +/G610C mice relative to inhibiting each ligand individually. 

In humans and monkeys, serum myostatin levels are approximately 5 and 9 times 

less than that found in mice respectively, whereas serum levels of activin A are greater in 

monkeys and humans (22). To obtain maximal increases in muscle mass in primates, a 

combinatory myostatin and activin A antibody neutralization treatment was required even 

though no changes in femoral bone mineral density (BMD) or mineral content (BMC) 

were reported(22). These observations, in addition to the observed musculoskeletal 

impacts of sActRIIB treatment influenced the pursuit of this dissertation research.  
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Postnatal bone homeostasis is highly dependent on regulation by the osteoblasts, 

osteoclasts and osteocytes. Osteoblasts and osteoclasts are differentially regulated by 

myostatin and activin A, so investigating the impact of how the combinatorial inhibition 

of myostatin and activin A synergistically affect bone cell activity and number are critical 

steps. Hence, below, I first describe proposed future experiments that would elucidate the 

mechanisms behind which increased bone microarchitecture and strength were observed 

with the Combo treatment in Chapter III (Objective 1). Further, OI is a physically and 

genetically heterogeneous diseases, and recent data suggests that disease severity and 

variant (mutation) type will likely impact therapeutic response. Thus, the second set of 

experiments are to explore the skeletal impact of anti-activin A antibody, anti-myostatin 

antibody or Combo treatment in homozygous OIM mice (oim/oim) which exhibit severe 

skeletal phenotypes, completing the research initiated in appendix A which investigate 

the impacts of ActA-Ab, Mstn-Ab and Combo treatment on muscle mass, muscle force 

production and body composition (Objective 2). Lastly, objective 3 outlines experiments 

to identify potentially dysregulated biological pathways in +/G610C and oim/oim mice 

that contribute to the skeletal pathology of OI. Specifically, investigations into 

mitochondrial functional capacities in primary osteoblasts are proposed since osteoblasts 

rely on energy for bong formation. 

 

FUTURE DIRECTIONS 

Objective 1: To elucidate mechanisms of action of combinatorial anti-myostatin and anti-

activin A treatment on bone cell differentiation and function in Wt and +/G610C mice. 
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Rationale: In Chapter III, we observe significant improvements in cortical and trabecular 

bone microarchitecture and biomechanical properties in both +/G610C and Wt mice with 

the combined anti-myostatin and anti-activin A antibody treatment. Increases in bone 

formation or decreases in bone resorption as a result of changes in the activity and 

number of the bone forming osteoblasts and bone-resorbing osteoclasts may have 

contributed to the observed skeletal phenotype. sActRIIB-mFc increased the numbers of 

osteoblasts in both Wt and +/G610C mice regardless of sex(19), but only increased 

osteoclast number in Wt male mice(19). Osteoclast activity (N.Oc/BPm) was substantially 

decreased in male and female +/G610C mice as well. Also, sActRIIB-mFc-treated 

+/G610C mice exhibited increased periosteal bone formation with males also exhibiting 

increases in periosteal mineralizing surface and mineral apposition rates, and females 

exhibiting increases in endocortical mineralizing surface/bone surface (MS/BS). 

Moreover, serum procollagen 1 intact N-terminal propeptide (P1NP) levels, a marker of 

bone formation, were increased in female +/G610C mice with sActRIIB-mFc treatment, 

culminating to increased overall bone formation(19). Of the sActRIIB-mFc targets, activin 

A is a known pro-osteoclastogenic molecule which also inhibits osteoblast 

differentiation(16,265), thus its removal will likely decrease osteoclast numbers per bone 

surface, leading to bone accumulation. Recent data suggests myostatin also stimulates 

osteoclast differentiation and inhibits osteoblast activity, inhibiting bone formation in 

vitro and in vivo(188,215). Therefore, it is possible that Combo treatment augmented cortical 

and trabecular bone properties in mechanisms similar to the above. Thus, elucidating the 

mechanism of Combo action will shed light on the applicability of this treatment to 

subsequent studies and clarify whether it acts via an anabolic or catabolic pathway. 
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Approach:  

Mice: Wt and +/G610C male and female mice will be treated as described in Chapter III. 

In brief, 5 week old mice will be randomly distributed into 4 treatment groups: control 

antibody (Ctrl-Ab), anti-myostatin antibody (Mstn-Ab), anti-activin A antibody (ActA-

Ab) or combinatory ActA-Ab and Mstn-Ab (Combo). Mice will be administered twice 

weekly intraperitoneal injections of 10mg/kg of body weight of the respective treatment 

for 11 weeks. Mice will be injected 10 and 3 days before euthanasia with alizarin red 

(20mg/kg; Acros Organics, Morris Plains, NJ, USA) and calcein (5 mg/Kg; MP 

Biomedical, Santa Ana, CA, USA) fluorescent dyes which bind to newly synthesized 

bone. At sacrifice, femurs will be cleaned of extraneous tissue, fixed in 10% neutral 

buffered saline for 2 days and transferred to 70% ethanol for long-term storage. Dynamic 

histological analyses of the left femur based on calcein and alizarin dye injections will be 

undertaken to determine endocortical and periosteal mineral apposition rates (MAR) and 

bone formation rates, providing insight into osteoblast activity. Static histological 

analyses on the right femur will quantify osteoblast and osteoclast number as well as the 

number of bone cells per bone surface as previously described(19,224). 

 

Anticipated results: We hypothesize that the observed improvements in bone 

microarchitecture will be a cumulative result of increased osteoblast numbers and 

decreased osteoclast activity.  
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Figure Obj.1.1: Hypothesis for Objective 1. 

 

Objective 2: To evaluate the impacts of inhibiting activin A, myostatin or both on skeletal 

properties in the severe type III OI mouse model 

 

Rationale: In Appendix A, we present data on the muscle phenotype of homozygous 

oim/oim mice treated with Ctrl-Ab, ActA-Ab, Mstn-Ab or Combo. Homozygous OIM 

(oim/oim) mice, exhibit a more severe skeletal phenotype, mimicking severe type III OI. 

We observed consistent increases in muscle mass, and significant increases in overall 

lean muscle mass and concomitant decreases in overall body fat, suggesting effective 

changes in body composition with Mstn-Ab and Combo treatment. Myostatin influences 

differentiation of mesenchymal stem cells, a role that places it at a key regulator of 

postnatal muscle, bone and fat homeostasis(15). In fact, myostatin null mice have 

substantially larger muscles due to hypertrophy and hyperplasia, less body fat and overall 

increase in bone density(202,204,292). Also, mice administered recombinant myostatin have 

significant suppression of bone formation and higher bone resorption rates(215). Not 

surprisingly, ActRIIB ligand traps had anabolic effects in oim/oim bone, increasing the 

trabecular bone properties BV/TV and Tb.N although bone strength was not 
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impacted(19,21), a deviation from the observation in +/G610C, where mice had improved 

bone microarchitecture and strength with treatment(19). Conversely, inhibiting activin A 

and myostatin in the severe Col1a1Jrt/+ OI mouse failed to correct the bone 

phenotype(200). Disease severity and mutation type can influence response to disease, in 

yet undiscovered ways, so it is vital to determine if the severe oim/oim mouse bone will 

respond to Combo treatment in this present study. Further, the in vivo effects of activin A 

or myostatin inhibition have not been studied in oim/oim mice. As previously discussed, 

ligand traps to ActRIIB interact with multiple other ligands, so determining the roles of 

activin A and myostatin in postnatal oim/oim bone regulation will be novel information 

that will contribute to understanding the pathology of OI. 

Approach: 5 week old Wt and oim/oim male and female mice will be treated as 

previously described in Chapter III. 10 days and 3 days prior to sacrifice, calcein and 

alizarin dyes will be administered for dynamic and static histomorphometry (Future 

Directions, Objective 1). Right femurs, stored in 1X PBS at -20C later harvest, will be 

subjected to µCT analyses (Chapter III; Method: MicroCT Analyses). Post-uCT analyses, 

right femurs will be subjected to 3 point bend tests for biomechanical testing (Chapter III; 

Method: 3-point bending).  

 

Anticipated results: It is likely that the Combo treatment will result in improvements to 

bone microarchitecture and strength. However, oim/oim mice have more severe skeletal 

muscle and bone pathology, so it is uncertain whether increases in muscle and bone 

volume with Combo treatment will be insufficient to elicit changes in bone strength. 
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Lastly, post-natal Combo treatment will not change the quality of the defective type I 

collagen and mineral matrix, thus whether increased ECM and mineral deposition by 

osteoblasts and decreased osteoclastic bone resorption will be sufficient to overcome the 

bone quality defects is uncertain. 
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Objective 3: To determine if mitochondrial dysfunction contributes to the skeletal bone 

phenotype in +/G610C and oim/oim mice. 

Rationale: Recently, mitochondria in the skeletal muscle of homozygous oim (oim/oim) 

mice were discovered to be severely functionally compromised, likely contributing to the 

observed inherent muscle pathology and weakness(111). I performed preliminary analyses 

of mitochondria in de-marrowed 4-month old oim/oim bones and observed significantly 

decreased mitochondrial DNA copy number relative to nuclear copy number (p = 

0.0378), suggesting decreased mitochondrial number in the oim/oim bone (Figure 

Obj.3_1). Further, oim/oim muscle show severe mitochondrial dysfunction and decreases 

in mitochondrial biogenesis, mitophagy and citrate synthase markers(111).  

  



159 
 

 

 

 

 

 

 

 

 

Figure Obj.3.1: Decreased mitochondrial DNA number versus nuclear DNA in murine 

ulna/radius number suggests lower mitochondrial content in oim/oim bones. n= 4-7, † p< 

0.05 vs WT,   ‡ p=0.075 vs +/oim (Het), by ttest. 
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The vital functions of the mitochondria have been widely examined in tissues with very 

high energy demands such as skeletal muscle and fat(293). Though much less focus has 

been placed on the effect of mitochondrial dysfunction on the bone, several studies have 

suggested the importance of mitochondrial integrity in bone mineralization, growth, 

remodeling, and homeostasis(146,293). Osteogenic induction of the osteoblastic cell line, 

MC3T3-E1, and primary osteoblasts are associated with mitochondrial biogenesis and 

robust oxygen consumption(294). Moreover, primary mitochondrial diseases caused by 

missense mutations in the mitochondrial membrane protein Opa3 impairs bone growth 

and strength and decreases skeletal bone integrity(293). Further, loss of the mitochondrial 

ATP-independent serine protease HtrA2/Omi, a protein quality control protease, resulted 

in age-related pathologies including osteoporosis in mice(295). Also, osteocytes with 

impaired mitochondria have been shown to be more susceptible to apoptosis(146). Lastly, 

both osteoblasts(296) and osteoclasts(297) have significant amounts of mitochondria, making 

insights into the status of mitochondria in bone cells relevant information, also 

osteoblasts suppress oxidative phosphorylation and show a preference for glycolysis 

during differentiation and mineralization(298). 

Mitochondria produce energy, trigger cell death(299) and release reactive oxygen 

species (ROS) during normal function(299,300). Mitochondrial dysfunction is a broad term 

that refers to abnormalities in ATP generation via the oxidative phosphorylation pathway 

or imbalances in the generation and detoxification of ROS and metabolite 

metabolism(301,302).   

ROS, particularly H2O2, have important roles in intracellular signaling events that 

regulate proliferation, differentiation and inflammation (303,304). However, oxidative stress, 
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which arises from an imbalance between excessive ROS generation and cellular 

antioxidant enzyme activity can damage cellular components(305). High levels of H2O2 in 

MC3T3-E1 osteoblastic cells induces autophagy and apoptosis(306) and inhibit activities 

of the intracellular antioxidant enzymes manganese superoxide dismutase (SOD) and 

glutathione peroxidase, leading to the loss of bone integrity(307). In vivo systems 

of disuse-induced bone loss, which exhibit increases in intracellular ROS production, 

were protected from bone loss following treatment with vitamin C, an antioxidant(308). 

Thus, a negative correlation exists between increased oxidative stress and bone health(309) 

(310). Inflammatory cytokines can stimulate ROS overproduction and contribute to 

oxidative stress(311). Oxidative stress then induces preosteoclast differentiation, decreases 

osteoblast activity and stimulates osteoblast and osteocyte apoptosis(311). This sequence of 

events uncouples the synergy between osteoblasts and osteoclasts during bone 

remodeling, favoring osteoclast activity and resulting in decreased bone mass. Thus, 

systemic inflammation and oxidative stress may underwrite the increased 

osteoclastogenesis observed in the oim mouse(312). In addition, a growing body of 

evidence suggests that in osteoporosis, molecular damage due to ROS-induced oxidative 

stress are evident(313,314). Nojiri and colleagues showed that mice completely deficient in 

superoxide dismutase 1 (SOD1), an antioxidant enzyme, had increased cellular ROS and 

decreased bone mass and quality resulting in a severe bone fragility phenotype(308).  

 

Approach: To assess mitochondrial dysfunction, citrate synthase activity, the quantity of 

the electron transport chain (ETC) complexes (I, II, III, IV) and mitochondrial respiration 
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capacity will be determined. These can be used to infer the bioenergetic capacity of cells, 

predict mitochondrial content and are important indicators of oxidative capacity(315).  

Primary osteoblasts will be obtained from calvaria of 7-10 day old pups of the correct 

genotypes (Wt, +/G610C and oim/oim) as previously described (316,317). Mitochondrial 

respirometry will be evaluated in primary calvarial osteoblasts using the Seahorse XFe24 

(Agilent) to determine oxygen consumption rates (OCR) and extracellular acidification 

rates (ECAR), first at basal respiration and then when induced during a mitochondrial 

stress test. The mitochondrial stress test (Agilent Systems) will enable us to assess 

maximal ADP production and maximal respiration through sequential additions of 

oligomycin, FCCP and a combination of Rotenone and antimycin A. Oligomycin inhibits 

mitochondrial ATP production, FCCP results in maximal cellular respiration since it 

uncouples the mitochondrial membrane and rotenone and antimycin A block complexes I 

and III in the electron transport chain.  

Citrate synthase enzyme activity also will be determined in primary osteoblast lysates 

using a commercially available citrate synthase enzyme activity assay (CSE1, Detroit 

R&D), and normalized to protein concentration. ETC complex compoenents and other 

energy sensing and mitochondrial regulatory protein contents will be detected via western 

blots: for mitochondrial protein content- complexes I-IV of the OXPHOS pathway 

(Abcam, ab110413)(318); energy sensing- AMPK (Cell Signaling #40H9) and SIRT1 (Cell 

Signaling #8469); mitogenesis- PGC1a (Abcam, ab54481) and mitochondrial 

transcription factor A (Tfam) (Abcam, ab131607); mitophagy- BCL2-interacting protein 

3 (BNIP3) (Cell Signaling #44060), Parkin (Cell Signaling #4211) and Microtubule-

Associated Protein 1 Light Chain 3 (LC3) (Cell Signaling #3868). Lastly oxidative stress 
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and inner mitochondrial membrane potentials will be measured to determine cell stress 

and the ability of primary osteoblasts to produce ATP. 

 

Anticipated Results: Mitochondria from both +/G610C and oim/oim calvaria will exhibit 

mitochondrial dysfunction as evidenced by decreased respirometry, decreased citrate 

synthase activity, loss of membrane potential and decreased levels of mitochondrial 

proteins involved in the oxidative phosphorylation pathway, energy sensing, 

mitochondrial biogenesis, and mitophagy relative to Wt osteoblasts, although oim/oim 

mice will be expected to exhibit more significant mitochondrial dysfunction due to being 

more severely compromised. This aim will provide novel insights into the status of 

mitochondria in the oim/oim bone and determine whether oxidative stress and 

mitochondrial dysfunction contribute to the pathophysiology of bone in OI. 
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Abstract 

Approximately 85-90% of patients who have osteogenesis imperfecta (OI), a 

skeletal disorder affecting 1 in 10-15,000 live births, have mutations in one of the two 

genes that encode the proteins for type I collagen: COL1A1 and COL1A2. Type I 

collagen is the major protein constituent of bone, so alterations in its expression and 

primary structure can lead to compromised  structural integrity, processing and quantity, 

which may result in skeletal deformity, fragility, and recurrent bone fractures, as 

experienced by patients with OI. Homozygous oim/oim mice model severe human type 

III OI, often characterized as progressively deforming OI. 

In this study, we investigate the effects of inhibiting activin A and/or myostatin, 

ligands with regulatory roles in pre-and post-natal muscle and bone regulation, in the 

oim/oim mouse. We treated Wt and oim/oim mice for 11 weeks with 10mg/Kg of body 

weight of monoclonal antibodies to either anti-activin A antibody (ActA-Ab), anti-

myostatin antibody (Mstn-Ab) or both anti-activin A and anti-myostatin antibodies 

(Combo) relative to a control antibody (Ctrl-Ab) regimen. 

We demonstrate that in control antibody treated mice, oim/oim mice have reduced 

muscle masses while female oim/oim mice exhibit a metabolic phenotype relative to sex-

matched control antibody treated Wt mice. In oim/oim mice, the ActA-Ab treatment had 

minimal impacts on muscle mass but induced a metabolic phenotype (increased energy 

expenditure and mean oxygen consumption). Mstn-Ab and the Combo treatment had 

more significant impacts on muscle mass and more consistently increased lean muscle 

mass and decreased fat mass in Wt and oim/oim mice.  



166 
 

Introduction 

Skeletal tissue is important for the maintenance of balance, storage of minerals 

and ions, protection of internal organs from trauma and mobility. Bone is composed of 

type I collagen, a heterotrimeric molecule that makes up 90% of the bone proteins. Type I 

collagen is synthesized from COL1A1 and COL1A2 genes, with mutations that impact its 

structure and synthesis causing musculoskeletal disorders like osteogenesis imperfecta 

(OI). OI is a rare, heritable connective tissue defect associated with low bone mass, bone 

fragility and skeletal deformity. Type III OI is the most severe survivable form, with 

patients exhibiting progressive physical and skeletal deformity and scoliosis, blue sclera 

and often hearing in adulthood(81). A complete cure for OI is likely dependent on gene 

therapy, a currently un-mastered technique, hence therapeutic options that aim to improve 

quality of life by reducing fracture rates, improving bone pain and increasing mobility are 

continually being sought after(6,319). Current management techniques include surgical 

rodding and the use of bisphosphonate, bone anti-resorptive agents. These improve 

mobility and increase bone mass, but fail to be without adverse effects, prompting the 

need for better OI treatment strategies(75,97,100). OI is also characterized by intrinsic 

muscle weakness, a phenomenon that likely contributes to the weak skeletal phenotype, 

since bone and muscle are intricately connected(12,77,78,110). Thus, therapeutics that address 

both bone and muscle weakness will likely be beneficial. 

Myostatin and activin A are members of the TGF-β superfamily of proteins 

produced by muscle and bone cells, respectively, which elicit canonical signaling 

cascades via the activin type II and I receptor kinases, ActRIIB and Alk4/5/7, stimulating 

downstream intracellular Smad signaling(17,166,269). As a negative regulator of muscle 
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mass, the absence of myostatin results in a double-muscled phenotype with substantial 

increases in muscle(15,320). Myostatin deficiency via pharmacological agents also results in 

muscle hypertrophy in multiple species(20–22,192). Activin A increases the differentiation 

potential in osteoclasts (bone-resorbing cells), but limits the differentiation potential in 

bone-producing osteoblasts(16,265). Inhibition of activin A has been associated with 

increased callus formation during fracture healing and increased bone formation(162,182). 

Although deficiency in myostatin alone is sufficient to elicit muscle hypertrophy, additive 

activin A inhibition more potently induces muscle mass formation, especially in 

primates(22). Thus, ligand traps to ActRIIB induce significant increases to murine muscle 

mass and triggers improvements in the skeletal phenotype(20,21,200,224). Even so, ActRIIB 

ligand traps lower serum levels of multiple ligands besides activin A and myostatin, 

obscuring the roles of myostatin and activin A in this postnatal muscle mass increase(23).  

Currently, no data exists on the impacts of specific inhibition of activin A alone, 

myostatin alone or both in the severe type III OIM mice. Thus, in the present study, we 

examined the effect of anti-activin A antibody, anti-myostatin antibody or combined anti-

activin A and anti-myostatin antibody therapy on muscular and whole body metabolism 

in homozygote oim/oim mice. The oim mouse originally arose from spontaneous 

nucleotide deletion in the C-terminal end of the Col1a2 gene, generating a mouse with 

severely compromised skeletal phenotype. Homozygote oim/oim mice are small, with 

significantly smaller hindlimb muscles which exhibit an inherent muscle pathology with 

impaired contractile force generation capacities(110). Oim/oim mice also exhibit a 

progressively deforming skeletal phenotype, synonymous to type III human OI(101).  

Materials and methods 



168 
 

Animals: All experiments were approved by the University of Missouri Animal Care and 

Use Committee (ACUC)  and met ARRIVE guidelines. All study mice had access to food 

and water at all times and were housed in AAALAC facility with 12hr alternating light 

and dark cycles. Col1a2oim/oim (oim/oim) mice and their Wt littermates were generated 

from heterozygous OIM crosses (+/oim X +/oim) and maintained on the C57BL6 

background(103). 

Study Design: Male and female Wt and oim/oim mice were randomly assigned to one of 

4 treatment groups: control antibody (Ctrl-Ab, Regn 1945), anti-activin A antibody 

(ActA-Ab, Regn2746), anti-myostatin antibody (Mstn-Ab, Regn647) or combination 

ActA-Ab and Mstn-Ab (Combo). Treatment was administered intraperitoneally starting 

at 5 weeks of age at 10mg/kg of body weight twice weekly. Before each injection, body 

weights were recorded. Mice were humanely euthanized at 16 weeks of age, following 11 

weeks of treatment. 

Body Composition and Whole Body Metabolism assessment: Between 14-16 weeks of 

age, mice were placed in Promethion metabolic cages to track their energy expenditure, 

respiratory quotient, water and food intake, and activity levels. Mice were individually 

housed for 3 days, with the first day considered an acclimatization period. Data on the 

aforementioned parameters were collected in diurnal (7 am – 7 pm) and nocturnal (7 pm 

to 7 am) cycles. 

Following metabolic cage assessments, whole body composition in live mice was 

assessed using the EchoMRI, as previously described in Chapter III (Methods). 
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Muscle Force Generation Assessment: Prior to euthanasia, mice were anesthetized and 

gastrocnemius, TA and soleus muscle contractile force assessed as described in Chapter 

III (Methods). 

Hindlimb Tissue Collection: Post-sacrifice, left hindlimb gastrocnemius, quadriceps, 

tibialis anterior (TA), plantaris, soleus and extensor digitorum longus (EDL) muscles 

were harvested and weighed. Calluses were recorded at the time of hindlimb muscle 

collection. 

Results 

Casualties and Calluses: 

During the course of the study, 2 female Wt (1 Mstn-Ab; 1 ActA-Ab) and 11 

oim/oim mice (male and female; 3 Mstn-Ab; 5 ActA-Ab and 3 Ctrl-ab) mice died. One 

mouse died of a compound fracture sustained 2 weeks into ActA-Ab treatment by 

unknown means. Of the remaining experimental mice, 40 oim/oim male and female mice 

sustained at least one callus in their femurs, tibias or forelimbs (Table 1). Majority of the 

calluses observed were on the right and left femurs (n=34). Male oim/oim mice were 

more likely to have calluses on their long bones verses female oim/oim, and treatment did 

not appear to influence callus occurrence. No Wt mice sustained calluses.  

Table A.1: Number of oim/oim mice with at least 1 callus on long bones (Femurs or 

tibias) 

 
Ctrl-Ab ActA-Ab Mstn-Ab Combo 

Male oim/oim 6 9 5 5 

Female oim/oim 3 3 3 6 
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Table A.2: Percentage of oim/oim mice with at least 1 callus on long bones (Femurs or 

tibias) 

 
Ctrl-Ab ActA-Ab Mstn-Ab Combo 

Male oim/oim 50% 47% 33.3% 41.7% 

Female oim/oim 16.7% 23% 30% 46.2% 
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Growth trend and body weights 

Between 5 and 16 weeks of age, control male and female oim/oim mice had 

noticeably smaller body weights relative to their age and sex-matched Wt controls 

(Figure 1, Table 3). ActA-Ab treatment failed to increase body weights in all mice. Mstn-

Ab treatment increased body weights after 6 and 3 weeks of treatment in Wt male and 

female mice respectively. Among oim/oim mice, males responded early to Mstn-Ab 

treatment with increased body weights within 2 weeks of treatment whereas females 

showed a trend towards increasing body weights after 8 weeks of treatment. The Combo-

treatment increased body weights in both male and female Wt mice after 4 weeks of 

treatment, whereas in oim/oim, larger body weights were observed after 2 and 5 weeks of 

treatment in males and females, respectively (Figure 1, Table 3). 
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Figure A.1. Changes in body weight with control antibody, anti-myostatin antibody, anti-

activin A antibody and combined anti-myostatin and anti-activin A antibodies (Combo) 

treatment in Wt and oim/oim mice over 11-week treatment period. Male Wt (A), Male 

oim/oim (B), Female Wt (C), and Female oim/oim (D), were treated with either control 

antibody (Ctrl-Ab, black circle); activin A antibody (ActA-Ab, blue triangle); myostatin 

antibody (Mstn-Ab, red triangle) or combination activin A and myostatin antibodies 

(Combo, green square). Mean values are plotted; n=8-17. p<0.1 is indicated and 

considered significant  



 

Table A.3: P-values of changes in body weight in Wt and oim/oim mice treated with ActA-Ab, Mstn-Ab or Combo relative to 

Ctrl-Ab treated mice (Figure A.1). 

Genotyp

e/Sex 
Treatment Wk5 Wk6 Wk7 Wk8 Wk9 Wk10 Wk11 Wk12 Wk13 Wk14 Wk15 Wk16 

Female Wt vs. oim/oim 
<0.00

01 

<0.000

1 

<0.000

1 

<0.000

1 

<0.000

1 

<0.000

1 

<0.000

1 

<0.000

1 

<0.000

1 

<0.000

1 

<0.000

1 

<0.000

1 

Male Wt vs. oim/oim 
0.001

6 

<0.000

1 

<0.000

1 

<0.000

1 

0.001 0.0019 0.0009 0.001 0.0004 0.0003 0.0022 0.0013 

Male Wt 

ActA-Ab n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s 

Mstn-Ab n/s n/s n/s n/s n/s n/s 0.0203 0.0125 0.0033 0.002 0.0013 0.0018 

Combo n/s n/s n/s n/s 0.0733 n/s 0.0298 0.0061 0.0024 0.0044 0.0018 0.0007 

Male 

oim/oim 

ActA-Ab n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s 

Mstn-Ab n/s n/s 0.0385 0.0083 0.0041 0.0005 0.0005 0.0004 0.0006 0.0003 0.0001 <0.000

1 

Combo n/s n/s 0.0614 0.0012 <0.000

1 

<0.000

1 

<0.000

1 

0.0004 <0.000

1 

<0.000

1 

<0.000

1 

<0.000

1 

Female 

Wt 

ActA-Ab n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s 

Mstn-Ab n/s n/s n/s 0.0644 0.0156 0.0131 0.0152 0.02 0.0316 0.0184 0.0063 0.0212 

Combo n/s n/s n/s n/s 0.0291 0.0115 0.0166 0.0054 0.0126 0.0113 0.0017 0.003 

Female 

oim/oim 

ActA-Ab n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s n/s 

Mstn-Ab n/s n/s n/s n/s n/s n/s n/s n/s 0.0529 n/s n/s 0.0759 

Combo n/s n/s n/s n/s n/s 0.045 0.0513 0.0208 0.0123 0.0151 0.0111 0.014 

173
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At the end of the study period at 16 weeks of age, both male and female control 

oim/oim mice were smaller in terms of body weight relative to their Wt counterparts [-

17.5% and -8.6% respectively] (Figure 2A). ActA-Ab increased overall body weights in 

male oim/oim mice (+6.68%, p=0.0216) whereas female oim/oim body weights remained 

equivalent to control treated female Wt mice (Figures 2A, 2B). In Wt mice, Act-Ab did 

not affect overall body weight in mice. Mstn-Ab increased overall body weights in mice 

[(Male Wt: +10%, p=0.085), (Male oim/oim: +13.4%, p=0.001), (Female Wt: +7.1%, 

p=0.006), (Female oim/oim: +7.9%, p=0.039)] to a similar extent compared to the Combo 

treatment [(Male Wt: +8.9%, p=0.085), (Male oim/oim: +13.5%, p=0.001), (Female Wt: 

+8.2%, p=0.006), (Female oim/oim: +7.8%, p=0.039)]. 
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Figure A.2: Body weights of Ctrl-Ab, ActA-Ab, Mstn-Ab and Combo-treated Wt and 

oim/oim mice Wt and +/G610C mice. A) Body weight, B) Percent Change in body 

weight as a result of treatment with either control antibody (Ctrl-Ab, black circle); activin 

A antibody (ActA-Ab, blue triangle); myostatin antibody (Mstn-Ab, red triangle) or 

combination activin A and myostatin antibodies (Combo, green square). Values are 

median with interquartile range, n=8-13. P-values <0.1 are indicated and considered 

significant. 
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Absolute Hindlimb muscle weights at 16 weeks of age 

At 16 weeks of age, absolute hindlimb muscle weights in control oim/oim male 

mice were considerably lower in the gastrocnemius (Figure 3A), quadriceps (Figure 3B) 

tibialis anterior (TA, Figure 3C), plantaris (Figure 3D) and soleus (Figure 3E) relative to 

Wt male mice. Female ctrl-Ab treated oim/oim mice also had smaller absolute quadriceps 

muscle masses relative to their Wt counterparts.  

ActA-Ab treatment had minimal effects on absolute hindlimb muscles, only increasing 

hindlimb muscle weights in male Wt (gastrocnemius and plantaris), female Wt (TA) and 

decreasing plantaris weights in female oim/oim mice.  

Mstn-Ab treatment had a more extensive muscle effect, but only in male mice, increasing 

muscle weights in male Wt (gastrocnemius, quadriceps, TA, plantaris and soleus) and 

male oim/oim (gastrocnemius, quadriceps, TA). Mstn-Ab alone was insufficient to elicit 

increases in female Wt or oim/oim hindlimb muscles.  

The Combo treatment increased absolute weights in all hindlimb muscles evaluated in Wt 

male mice, including the EDL (Figure 3G), while their oim/oim counterparts had 

increased quadriceps, TA and soleus muscles. Female Wt mice also had increases in their 

gastrocnemius, quadriceps, and TA muscles with the Combo treatment, whereas female 

oim/oim saw increases in their quadriceps muscles only. 
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Figure A.3: Absolute hindlimb muscle weights of Ctrl-Ab, ActA-Ab, Mstn-Ab and 

Combo-treated Wt and oim/oim mice. A) Gastrocnemius, B) Quadriceps C) Tibialis 

Anterior (TA) D) Plantaris E) Soleus F) Extensor Digitorium Longus (EDL) weights as a 

result of treatment with either control antibody (Ctrl-Ab, black circle); activin A antibody 

(ActA-Ab, blue triangle); myostatin antibody (Mstn-Ab, red triangle) or combination 

activin A and myostatin antibodies (Combo, green square). Values are median with 

interquartile range, n=8-13. P-values <0.1 are indicated and considered significant. 
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Relative Hindlimb muscle weights at 16 weeks of age 

Among control treated mice, Wt and oim/oim mice had equivalent relative 

hindlimb muscles masses except for the soleus muscles, where male oim/oim had lower 

relative soleus weights than male Wt. When total body weight is taken into account, the 

treatment effect on absolute muscle masses in the experimental mice appear proportional 

to their body weights. ActA-Ab increased relative weights in gastrocnemius [male 

oim/oim, (Figure 4A)] and plantaris muscles [male Wt, (Figure 4D)], but decreased 

relative plantaris weight in female oim/oim (Figure 4D). Mstn-Ab increased relative 

weights in TA and plantaris muscles [male Wt, (Figure 4C, and 4D)] and soleus muscles 

[male and female oim/oim, (Figure 4E)]. The Combo treatment increased relative 

quadriceps [male Wt, (Figure 4B)], TA [male and female Wt and male oim/oim, (Figure 

4C)], plantaris [male Wt, (Figure 4D)] and soleus (female oim/oim, (Figure 4E)). 
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Figure A.4: Relative hindlimb muscle weights of Ctrl-Ab, ActA-Ab, Mstn-Ab and 

Combo-treated Wt and oim/oim mice. A) Relative Gastrocnemius , B) Relative 

Quadriceps C) Relative Tibialis Anterior (TA) D) Relative Plantaris E) Relative Soleus 

F) Relative Extensor Digitorum Longus (EDL) weights (mg/g) as a result of treatment 

with either control antibody (Ctrl-Ab, black circle); activin A antibody (ActA-Ab, blue 

triangle); myostatin antibody (Mstn-Ab, red triangle) or combination activin A and 

myostatin antibodies (Combo, green square). Values are median with interquartile range, 

n=8-13. P-values <0.1 are indicated and considered significant. 
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Muscle Force Generation Assessment 

Control male and female oim/oim had equivalent peak tetanic and relative tetanic 

force generation capacities in their gastrocnemius muscles as Wt mice (Figures 5A, 5B).  

Neither ActA-Ab nor Mstn-Ab treatment appears to increase peak or relative 

gastrocnemius muscle force production in either Wt or oim/oim mice although the study 

may be underpowered to detect changes. However, the Combo treatment increased the 

peak gastrocnemius force (Po) in female Wt mice, but failed to cause significant changes 

in male Wt or male and female oim/oim mice. 
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Figure A.5: Absolute and Relative hindlimb muscle contractile force generation of Ctrl-

Ab, ActA-Ab, Mstn-Ab and Combo-treated Wt and oim/oim mice. A) Gastrocnemius 

peak tetanic force, B) Gastrocnemius relative tetanic force, Mice were treated twice 

weekly with 10mg/kg of control antibody (Ctrl-Ab, black circle); activin A antibody 

(ActA-Ab, blue triangle); myostatin antibody (Mstn-Ab, red triangle) or combination 

activin A and myostatin antibodies (Combo, green square) for 11 weeks. Values are 

median with interquartile range, n=1-12. Values are median with interquartile range, n=2-

7. P-values <0.1 are indicated and considered significant. 
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Absolute and Relative Fat Mass 

Wt and oim/oim mice had similar inguinal fat weights regardless of sex or 

treatment (Figure 6). Male Wt mice had larger absolute and relative gonadal fat masses 

compared to male oim/oim mice although gonadal fat weights were similar between 

female Wt and oim/oim mice (Figure 6C, 6D). Brown adipose tissue (BAT) masses were 

equivalent between genotypes (Figure 6E, 6F).  

Mstn-Ab decreased relative BAT weights in female Wt mice. The Combo 

treatment had the greatest impact, with decreased absolute gonadal fat mass (Wt male), 

relative gonadal fat mass (male Wt, female oim/oim), and decreased BAT [absolute BAT 

(male oim/oim, female Wt); relative BAT (male and female oim/oim, female Wt)]. 
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 Figure A.6: Absolute and Relative fat mass of Ctrl-Ab, ActA-Ab, Mstn-Ab and Combo-

treated Wt and oim/oim mice. A) Absolute Inguinal fat (g) , B) Relative Inguinal fat 

(mg/g) C) Absolute Gonadal Fat (g) D) Relative Gonadal Fat (mg/g) E) Absolute brown 

adipose tissue (BAT, g) F) Relative brown adipose tissue (BAT, mg/g) as a result of 

treatment with either control antibody (Ctrl-Ab, black circle); activin A antibody (ActA-

Ab, blue triangle); myostatin antibody (Mstn-Ab, red triangle) or combination activin A 

and myostatin antibodies (Combo, green square). Values are median with interquartile 

range, n=4-10. P-values <0.1 are indicated and considered significant. 
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Body Composition 

Body composition analyses, conducted with the EchoMRI, revealed lower 

absolute lean muscle masses in Ctrl-Ab-treated male and female oim/oim mice (Figure 

7A) as compared to Wt mice, although relative lean muscle mass was increased in male 

oim/oim as compared to male Wt mice, with a similar trend for female oim/oim and Wt 

mice (Figure 7B). Male oim/oim mice also had decreased absolute and relative body fat 

mass as compared to Wt mice (Figures 7C, 7D). Both male and female Ctrl-Ab-treated 

oim/oim mice had lower total water masses, but higher relative total water masses 

compared to their Wt counterparts (Figure 7E, 7F).  

ActA-Ab increased overall lean and total water masses in male oim/oim mice, 

increased relative fat in female Wt, but decreased both absolute and relative body fat in 

male Wt mice. Mstn-Ab increased overall lean muscle mass (male and female Wt, female 

oim/oim), relative lean mass (male Wt), total water (all genotype groups), relative total 

water (male and female Wt), and decreased overall and relative fat masses in male Wt 

mice. The Combo treatment consistently increased overall lean muscle mass (both 

absolute and relative) and total water mass (both absolute and relative) in all mice 

regardless of sex or genotype. The Combo treatment also decreased absolute and relative 

fat masses in male Wt and oim/oim mice and relative fat in female Wt mice. 
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Figure A.7: Body Composition of Ctrl-Ab, ActA-Ab, Mstn-Ab and Combo-treated Wt 

and oim/oim mice. A) Absolute Lean Muscle Mass, B) Relative Lean Muscle Mass C) 

Absolute Fat mass, D) Relative Fat mass, E) Total water, F) Relative Total Water. Mice 

were treated twice weekly with 10mg/kg of either control antibody (Ctrl-Ab, black 

circle); activin A antibody (ActA-Ab, blue triangle); myostatin antibody (Mstn-Ab, red 

triangle) or combination activin A and myostatin antibodies (Combo, green square) for 
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11 weeks. Values are median with interquartile range, n=9-15. Pvalues <0.1 are indicated 

and considered significant  
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Absolute and Relative Heart and spleen weights 

Male and female Wt mice had similar absolute heart and spleen weights as their 

oim/oim counterparts (Figures 8A-8D). However, relative heart and spleen weights were 

substantially larger in oim/oim mice (Figures 8B, 8D).  

ActA-Ab treatment did not impact heart or spleen weights. Mstn-Ab treatment 

also did not impact heart weights but decreased relative spleen weights in oim/oim mice. 

The Combo treatment did not also impact heart weights but decreased absolute spleen 

weights in male oim/oim mice and relative spleen weights in both male and female 

oim/oim mice. 
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Figure A.8: Absolute and Relative heart and spleen weights of Ctrl-Ab, ActA-Ab, Mstn-

Ab and Combo-treated Wt and oim/oim mice. A) Absolute Heart weight (mg), B) 

Relative Heart weight (mg/g) C) Absolute Spleen weight (g) D) Relative Spleen weight 

(mg/g) as a result of treatment with either control antibody (Ctrl-Ab, black circle); activin 

A antibody (ActA-Ab, blue triangle); myostatin antibody (Mstn-Ab, red triangle) or 

combination activin A and myostatin antibodies (Combo, green square). Values are 

median with interquartile range, n=8-13. Pvalues <0.1 are indicated and considered 

significant. 
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Metabolic status 

Energy Status 

Metabolic chamber analyses revealed that oim/oim female mice exhibit a metabolic 

phenotype around 14-16 weeks of age and were likely to respond to treatment with 

changes in energy status. In female oim/oim mice, energy expenditure (EE) (both mean 

and total) are decreased during both day (~ -10%) and night ( ~ -12.6%) (Figure 9A-D) 

whereas mean respiratory quotient (RQ) was increased during the day (+6.5%, Figure 

9E). Male oim/oim mice exhibited a similar energy profile as Wt mice. 

Interestingly, ActA-Ab treatment influenced energy status in mice, increasing EE in male 

oim/oim mice during the day and in oim/oim females at night, while increasing RQ in 

female Wt mice during the day cycle. Mstn-Ab did not alter EE or RQ in any of the study 

mice. Combo treatment increased mean EE (+15%, night cycle), total EE (+15%, night 

cycle), and decreased RQ (-6%, day cycle) in female oim/oim mice, also inducing a 

phenotype. 
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Figure A.9: Indirect calorimetry to assess energy status of Ctrl-Ab, ActA-Ab, Mstn-Ab 

and Combo-treated Wt and oim/oim mice. A) Mean energy expenditure (EE, day cycle), 

B) Mean energy expenditure (EE, night cycle), C) Sum of energy expenditure (EE, Day 

cycle), D) Sum of energy expenditure (Night cycle), E) Mean Respiratory Quotient (Day 

Cycle), F) Mean Respiratory Quotient (Night Cycle). Mice were treated twice weekly 

with 10mg/kg of control antibody (Ctrl-Ab, black circle); activin A antibody (ActA-Ab, 

blue triangle); myostatin antibody (Mstn-Ab, red triangle) or combination activin A and 

myostatin antibodies (Combo, green square) for 11 weeks. Values are median with 

interquartile range, n=2-6. P-values <0.1 are indicated and considered significant. 
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Substrate Utilization 

Control female oim/oim had lower VO2 consumption relative to Wt mice (Figure 

10A-B) although VCO2 production, food and water intake levels were equivalent in all 

control mice regardless of genotype (Figure 10C-H).  

In female oim/oim mice, ActA-Ab increased VO2 consumption and VCO2 production 

during the night cycle (Figure 10A-10D). In male oim/oim mice, ActA-Ab increased VO2 

consumption during the day. ActA-Ab also increased VCO2 production and water intake 

in female Wt mice while decreasing water intake in male Wt mice during the day cycle. 

Mstn-Ab only increased VCO2 production and increased day time water intake in female 

Wt. The Combo treatment only increased VO2 consumption in female oim/oim mice. 
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 Figure A.10: Indirect calorimetry to assess substrate utilization in Wt and oim/oim mice 

treated with Ctrl-Ab, ActA-Ab, Mstn-Ab and Combo. A) Mean VO2 Consumption (Day 

cycle), B) Mean O2 Consumption (Night cycle), C) Mean CO2 Consumption (Day cycle), 
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D) Mean CO2 Consumption (Night cycle), E) Total Food Consumed (Day Cycle), F) 

Total Food Consumed (Night Cycle), G) Total Water Intake (Day Cycle), H) Total Water 

Intake (Night Cycle). Mice were treated twice weekly with 10mg/kg of control antibody 

(Ctrl-Ab, black circle); activin A antibody (ActA-Ab, blue triangle); myostatin antibody 

(Mstn-Ab, red triangle) or combination activin A and myostatin antibodies (Combo, 

green square) for 11 weeks.. Values are median with interquartile range, n=2-6. P-values 

<0.1 are indicated and considered significant. 
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Activity 

Overall, control Wt mice had equivalent activity levels as oim/oim mice except 

for female Wt who exhibited more nighttime activity along the Z-axes than their oim/oim 

counterparts.  

ActA-Ab treatment increased movement along the Y-axis in male Wt and female 

oim/oim; and along the Z-axis in male and female Wt mice; with similar activity trends in 

the X-axis for male and female Wt and female oim/oim mice during the day (Figures 

11A-F). Mstn-Ab increased X-axis movements in female oim/oim during both day and 

night cycles, and increased Z-axis breaks during the day in female Wt mice. Lastly, the 

Combo treatment had no effect on movement along the X-and Y-axes, only increasing Z-

axis movements in female oim/oim mice during the day and in male Wt mice at night.  
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Figure A.11: Activity levels of Ctrl-Ab, ActA-Ab, Mstn-Ab and Combo-treated Wt and 

oim/oim mice. A) Movement along the X-axis (day cycle), B) Movement along the X-

axis (night cycle), C) Movement along the Y-axis (Day cycle), D) Movement along the 

Y-axis (Night cycle), E) Movement along the Z-axis (Day cycle), F) Movement along the 

Z-axis (Night cycle). Mice were treated twice weekly with 10mg/kg of control antibody 

(Ctrl-Ab, black circle); activin A antibody (ActA-Ab, blue triangle); myostatin antibody 

(Mstn-Ab, red triangle) or combination activin A and myostatin antibodies (Combo, 

green square) for 11 weeks. Values are median with interquartile range, n=5-10. P-values 

<0.1 are indicated and considered significant. 
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Discussion 

This study investigated the impact of anti-activin A antibody (ActA-Ab), and anti-

myostatin antibody (Mstn-Ab) alone or in combination (Combo) on muscle properties 

and whole body metabolism in the severe type III OIM mouse (oim/oim). We determined 

that young adult female oim/oim mice exhibit features suggestive of a metabolic 

phenotype: low mean and total energy expenditure, decreased VO2 consumption, and 

higher respiratory quotient as compared to female Wt mice. Both male and female 

oim/oim mice also had smaller hindlimb muscle mass and overall body weights, as 

previously reported(20,21,103,110). Treatment with ActA-Ab failed to substantially increase 

hindlimb muscle and overall body weights in both Wt and oim/oim mice although male 

oim/oim exhibited a +6.68% increase in body weight at 16 weeks of age. Mstn-Ab and 

Combo-treated oim/oim mice had similar significant increases in overall body weight. 

However, the number of hindlimb muscle groups demonstrating significant increases in 

mass per genotype was much higher with the Combo treatment than with the Mstn-Ab 

treatment. 

In a previous study, we demonstrated that regardless of genotype (Wt, +/G610C, 

oim/oim) male and female mice exhibit on average a +20% and +24% increase in body 

weight with sActRIIB treatment, respectively(20). In this current study, we observed a 

+7%-14% overall increase in body weight with the Combo treatment, which is similar to 

Mstn-Ab treatment alone, whereas ActA-Ab alone only increased overall body weight in 

male oim/oim mice. sActRIIB-treated mice also exhibited increases in hindlimb muscle 

masses, although to varying degrees(20,21). Latres and colleagues have also previously 

reported the ability of a combined anti-activin A and anti-myostatin antibody treatment 
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regimen to double TA muscle mass in SCID mice from +20.1% by anti-myostatin 

antibody alone to +43.9%, akin to the increases engineered by ActRIIB.hFc treatment 

(+48.8%)(22). In the present study, Mstn-Ab significantly increased TA muscle weights in 

male Wt and oim/oim mice by +34.8% and +44.4%, respectively, while the Combo 

treatment resulted in +53.6% and +61.6% increases in male Wt and male oim/oim mice, 

respectively. We did not observe a doubling in TA muscle weight with the Combo 

treatment, although there is still an increase in muscle mass suggesting that activin A 

indeed regulates murine postnatal muscle size in concert with myostatin.  

Interestingly, EchoMRI body composition analyses showed lower body lean muscle and 

total water mass, but higher relative lean muscle and total water mass, suggesting that for 

their size, oim/oim mice have greater lean muscle mass compared to Wt mice. The 

Combo treatment increased overall and relative lean muscle and total water masses 

regardless of sex or genotype. In Chapter III, we also observed increases in total lean 

body and water masses in the Combo-treated mice, suggestive of the ability of the 

Combo treatment to increases lean muscle in mice regardless of OI severity. Col1a1Jrt/+ 

mice also administered a decoy receptor specific for myostatin and activin A alone also 

substantially increased muscle mass(200). Previous observations of hypertrophy with 

sActRIIB-mFc treatment will suggest that the observed increases in muscle mass with the 

Combo treatment are due to larger muscle fibers (hypertrophy)(20). 

OI patients are more likely to have heart disease and cardiac complications; extra-

skeletal features related to the presence of abnormal or reduced type I collagen in heart 

tissue and valves(321). Oim/oim mice have morphological changes in the structure of their 

heart stemming from less collagen content and resulting in higher passive inflation rates 
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and compliance, morphological alterations and functional adaptations (322). Also, oim/oim 

mice have been shown to have lower absolute heart weights but normal relative heart 

weights compared to Wt mice(322), but have been reported to exhibit normal 

echocardiograms with similar heart rates as Wt mice(322). Further, the Aga2 mouse model 

of OI caused by (dominant frameshift mutation in C-terminal region of Col1a1) exhibits 

heart dysfunction characterized by ventricular hypertrophy and defective myocardial 

matrix, consequently resulting in mortality(323). While our study did not investigate heart 

morphology and function, we observed significantly larger heart weight to body weight 

ratios, confirming that oim/oim mice have relatively large hearts. Our antibody treatment 

strategies did not influence any changes in heart size, in line with the observation that 

myostatin-null mice do not exhibit a cardiac phenotype (324).  

We also observed larger spleen weight to body weight ratios in homozygous 

oim/oim mice relative to Wt mice. Male oim/oim mice have been shown to have 

splenomegaly between 7-9 week-old (325), a phenotype associated with chronic 

inflammation. In our study, 16-week old female oim/oim mice had larger spleens 

compared to female Wt, but relative spleen weights were much bigger in both male and 

female oim/oim mice as compared to sex-matched Wt mice. It has also been previously 

reported that decreasing spleen weights using an anti-tumor necrosis factor α (TNFα) 

treatment failed to improve skeletal phenotype in female oim/oim mice(325). The defective 

extracellular matrix in bone, combined with chronic inflammation can certainly 

compromise skeletal integrity with dysfunctional extracellular matrix being the driving 

force. In the present study, the Combo treatment significantly decreased absolute spleen 

weights in male oim/oim, and both absolute and relative spleen weights in both male and 
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female oim/oim. Whether the decrease in spleen weights reflects reduced inflammatory 

state and/or is associated with decreased fractures or improved bone strength will be 

important to determine. 

The finding that female oim/oim mice exhibit a metabolic phenotype is 

particularly interesting. Although its clinical relevance is not understood, these findings 

challenge current researchers to determine the relationship of whole body energy 

metabolism to the pathogenesis of OI and its ability to respond to treatment. Young OI 

patients exhibit features reminiscent of a metabolic phenotype, and Col1a1Jrt/+ mice have 

also been shown to exhibit a pre-pubertal metabolic phenotype. In this study, oim/oim 

mice were assessed between 14 and 16 weeks of age, when they are considered young 

adult mice. Additional characterizations of the age of onset of the metabolic phenotype as 

well as a characterization of glucose and insulin levels and in relation to the onset of the 

metabolic phenotype is certainly warranted. These observations vary from those made in 

Chapter III where both +/G610C male and female mice fail to exhibit a metabolic 

phenotype, instead exhibiting similar energy, metabolic and activity levels as their Wt 

counterparts. Both Col1a1Jrt/+ and oim/oim mice are severe models of OI relative to the 

G610C model, which reflects mild to moderate OI severity. Hence, the stresses of 

repeated fractures, inflammation, skeletal deformity, functional impairment and perhaps 

cell stress(101,287,326), likely induces changes in energy and substrate utilization in these 

severe oim/oim and Col1a1Jrt/+ murine OI models, resulting in metabolic phenotype. 

Lastly, at sacrifice, 40 out of 110 oim/oim mice had at least one healed callus in 

their femurs or tibias, which were independent of the treatment, although Wt mice had no 

calluses. We were unable to determine whether the calluses occurred prior to treatment 
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initiation at 5 weeks of age or if they were acquired during the course of treatment. 

Nonetheless, in Chapter III, we observe increases to muscle mass and bone 

microarchitecture and strength with the Combo treatment. Although, the +/G610C mouse 

models is a relatively milder type of OI, we hypothesize that the Combo treatment will at 

least improve the oim/oim bone microarchitecture as seen with sActRIIB treatment(19). 

Future studies to evaluate bone microarchitecture and biomechanics as a result of 

treatment with the anti-activin A antibody alone, anti-myostatin antibody alone, or both 

are described in Chapter IV (Objective 2).
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Abstract 

Bone is a highly dynamic tissue which is continually remodeled by osteoblasts 

and osteoclasts, with regulation by osteocytes. In Osteogenesis Imperfecta (OI), a 

clinically heterogeneous disorder characterized by bone fragility, the functions of 

osteoblasts and osteoclasts are impaired.  As a mechanosensitive tissue, bone responds to 

mechanical loads, some of the strongest of which are from skeletal muscles, by changing 

its mass and geometry.  

The inhibition of myostatin, a negative regulator of muscle growth and a member 

of the TGF-β superfamily, induces muscle growth via hypertrophy. We investigated the 

effect of pharmacologically inhibiting myostatin through treatment with the soluble 

activin receptor Type IIB decoy molecule (sActRIIB-mFc), focusing on the gene 

expression patterns of bone cells derived from two molecularly distinct mouse models of 

OI (osteogenesis imperfecta murine [OIM] vs. G610C). Because the molecular defects 

that give rise to the G610C and OIM models differ and muscle function is differentially 

impacted, we hypothesized that the two models will respond differently to sActRIIB-mFc 

treatment. Homozygous mice (oim/oim) in the OIM model mimic severely deforming 

type III OI have a single nucleotide deletion in the Col1a2 gene that leads to functional 

null proα2(I) collagen chains and the generation of homotrimeric type I collagen, whereas 

the G610C mouse, heterozygous for a missense mutation in the Col1a2 gene, has a 

glycine to cysteine substitution at the 610 position of the triple helical domain and 

mimics mild to moderately severe type I/IV OI.  

At two months of age, wildtype (Wt), +/G610C, and oim/oim male mice were 

treated bi-weekly either with vehicle (Tris-buffered saline) or sActRIIB-mFc for 8 weeks. 
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Quantitative RT-PCR analyses demonstrated that tibias from sActRIIB-mFc treated 

oim/oim mice exhibited increased gene expression levels of the markers of osteoblast, 

osteoclast, and osteocyte function and differentiation analyzed. This contrasts the 

significant improvements seen in the femoral cortical bone microarchitecture and 

biomechanical integrity of sActRIIB-mFc-treated Wt and +/G610C mice, which was not 

observed in the oim/oim mice. 

In conclusion, our findings indicate that sActRIIB-mFc treatment has differential 

effects on the G610C and OIM mice, which may in part reflect differences in severity 

(severe in oim/oim vs. moderate in +/G610C), and/or their unique molecular defects.  

Understanding the molecular impact of therapeutics is critical in order to develop more 

effective and targeted treatment for OI. 
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Introduction      

Bone is a highly dynamic tissue composed of osteoblasts, osteoclasts and 

osteocytes. As a mechanosensitive organ, bone responds to mechanical load, some of the 

strongest of which come from skeletal muscle, by changing its shape. Thus, there exists a 

close relationship between muscle and bone mass(327). Osteoblasts, osteoclasts and 

osteocytes make up the cellular constituents of bone. Osteoblasts make up 4-6% whereas 

osteocytes constitute up to 90% of bone cells(35,40,148). Synergy between bone formation 

(osteoblasts), bone resorption (osteoclasts) and mechanosensation (osteocytes) is 

necessary for maintaining bone homeostasis. 

Deficiency in myostatin (mstn), a member of the TGF-β superfamily and a negative 

regulator of muscle mass, has been shown to cause muscle hypertrophy and 

hyperplasia(15). Inhibition of myostatin has also been shown to increase muscle mass and 

improve bone strength in several animal models of human disease affecting bone and 

muscle strength and quality(21,84).  

 Osteogenesis Imperfecta (OI), commonly known as brittle bone disease, is a 

genetic, clinically heterogeneous connective tissue disorder that affects 1 in 15,000 live 

births(83). OI is characterized by skeletal deformities with bone fragility being a key 

feature. 90% of OI-causing mutations are due to autosomal dominant defects in type I 

collagen structure, a protein that provides tensile strength to bone(6). Current therapies for 

OI have limited success with the use of antiresorptive drugs and surgical 

interventions(328). Thus, it is imperative to develop new treatment approaches that 
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minimize fracture risks in OI. We hypothesize that myostatin deficiency in OI will 

improve bone strength and bone cell function due to increasing muscle mass.  

     The G610C mouse models an autosomal dominant mutation that affects a large group 

of individuals in the Old Order Amish community in Lancaster County, PA and is 

representative of mild to moderately severe human OI(79). The patients and the G610C 

mouse have a missense mutation in the α2(I) gene that causes a glycine to cysteine 

substitution at position 610 of the triple helical domain. The defective collagen is then 

incorporated into heterotrimeric type I collagen of heterozygote +/G610C mice 50 

percent of the time. 

     The osteogenesis imperfecta murine (OIM) model arose through a spontaneous 

mutation that caused a single nucleotide deletion in the Col1a2 gene. This generates 

functional null proα2 (I) chains that cannot be incorporated into normal heterotrimeric 

type I collagen, leading to the production of homotrimeric type I collagen in homozygous 

oim/oim mice(101). The heterozygote (+/oim) and homozygote (oim/oim) mice model the 

phenotype of human type I and type III OI, respectively(101). 

 In the following study, we have pharmacologically inhibited myostatin and other 

TGF-β family proteins including activin and GDF-11, via 8 weeks of biweekly 

administration of a soluble activin receptor type IIB decoy molecule (sActRIIB-mFc 

[10mg/kg]) or vehicle (Tris Buffered Saline) in the two molecularly distinct mouse 

models of OI OIM and G610C and have compared their tibial osteoblast, osteoclast, and 

osteocyte gene expression patterns. 

Methods 
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Experimental design: Four (4)-month-old C57BL6/J wildtype (Wt), +/G610C, and 

oim/oim mice were treated either with vehicle (Tris-Buffered saline) or 10mg/kg of 

sActRIIB-mFc (RAP-031) via intraperitoneal injections for 8 weeks starting at 2 months 

of age(19,20). Mice were euthanized at 4 months of age and tibiae snap frozen for analyses. 

RNA isolation and analysis of gene expression by quantitative PCR: Snap frozen right 

tibiae (with marrow) were homogenized in TRIzol Reagent (Invitrogen, Carlsbad, CA) 

and total RNA was isolated using the RNeasy Kit (Qiagen, Germantown, MD) with in-

column DNase treatment (Qiagen, Germantown, MD). Total RNA (2µg) was used to 

generate a cDNA library with a High Capacity Reverse Kit (Applied Biosystems, Foster 

City, CA). Gene expression levels for markers of differentiation and function of 

osteoblasts (Runx2, Sp7, Dlx5, Alpl, Bglap, and Serpinh1), osteoclasts (Tnfsf11, Csf1, 

Itgb3, and Ctsk), and osteocytes (Dmp1, Sost, Phex, and β-cat) were normalized to 18S, 

Pgk1, and Ubc as endogenous controls, using the ΔΔCT method (Quantstudio 3 Real 

Time PCR System, Applied Biosystems, Foster City, CA) (Table 1). Results are plotted 

in bar graphs and the range of expression indicated by 2-(ΔΔCT+SD) and 2-(ΔΔCT-SD)(329). 

Statistical Analyses: 2 X 2 X 2 factorials [2 genotypes (WT and +/G610C or WT and 

oim/oim), 2 sexes, and 2 treatments (vehicle and sActRIIB-mFc treated)] were set up and 

used to analyze experimental data using SAS software (SAS Institute Inc., Cary, 

NC)(19,20). 
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Table B.1. Gene expression assays and primer sequences 

Gene Primer Sequence 

Runx2 Forward: ACAAGGACAGAGTCAGATTAC 

Reverse:  CAGTGTCATCATCTGAAATACG 

Sp7 Forward: TGCTTGAGGAAGAAGCTC 

Reverse:  CTTCTTTGTGCCTCCTTTC 

Dlx5 Forward: AGAGAAGGTTTCAGAAGACTC 

Reverse:  AGATTTTCACCTGTGTTTGC 

Alpl Forward: GGATCTCATCAGTATTTGGAAG 

Reverse:  AAAGAGACCTAAGAGGTAGTC 

Bglap Forward: ACCATGAGGACCATCTTTC 

Reverse:  GGACATGAAGGCTTTGTC 

Serpinh1 Forward: ATGTTCTTTAAGCCACACTG 

Reverse:  TCGTCATAGTAGTTGTACAGG 

Tnfsf11 Forward: TCTGTTCCTGTACTTTCGAG 

Reverse:  TTCATGGAGTCTCAGGATTC 

Csf1 Forward: CTCAGACATTGGATTCTTCTG 

Reverse:  ATGTTCCCATATGTCTCCTTC 

Itgb3 Forward: AACTTGATCTTTGCAGTGAC 

Reverse:  TACTTCCAGCTCCACTTTAG 

Dmp1 Forward: GAACAGTGAGTCATCAGAAG 

Reverse: AAAGGTATCATCTCCACTGRTC 

Sost Forward: TCAGGAATGATGCCACAG 

Reverse:  GTACTCGGACACATCTTTG 

Phex Forward: TTTAGGATATTAGGTGCCGAG 

Reverse:  TTACCCTTGAGAATTCTAGCC 

Pgk1 Forward: CTATCATAGGTGGTGGAGAC 

 Reverse:  ACACTAGGTTGACTTAGGAG 

Ubc Forward: GAGACGATGCAGATCTTTG 

 Reverse:  ATGTTGTAGTCTGACAGGG 
 

 

 

  



208 
 

Results 

Oerall, sActRIIB-mFc treatment increased cortical, trabecular and biomechanical 

properties in Wt and +/G610C mice. Homozygous oim/oim mice treated with sActRIIB-

mFc had increased trabecular microarchitectural properties, but no improvements in 

cortical bone and bone strength were observed(19). Interestingly, a previous publication 

discovered significant increases in muscle contractile strength in oim/oim mice only and 

not in Wt and +/G610C mice sActRIIB-mFc treatment (20).  

Gene expression analyses revealed significant increases in the expression of alkaline 

phosphatase (Alpl, osteoblasts), β-catenin (β-cat, osteocytes) and cathepsin K (Ctsk, 

osteocytes) compared to WT littermates in control oim/oim male mice (Figure 1). A trend 

towards higher gene expression was observed in all genes analyzed in male control 

oim/oim mice relative to control WT mice. Male +/G610C tibiae had lower levels of the 

osteoclast expressed genes: colony stimulating factor 1 (Csf1), integrin β (Itgb3) and 

Ctsk. Female oim/oim mice appeared to have a downregulated trend in gene expression 

patterns in osteoclast and osteocyte genes and significantly downregulated sclerostin 

(Sost, osteocyte) expression (Figure 2). Control oim/oim mice also had similar gene 

expression of the pro-osteoclastogenic markers Rankl and Csf1, as well as Itgb3, an 

osteoclast marker. Female +/G610C mice exhibited nearly equivalent levels of gene 

expression as Wt for all the genes tested. 

In male mice, sActRIIB-mFc treatment influenced tibial gene expression in 

+/G610C osteoclast and oim/oim osteoblasts and osteocytes (Figure 3). No significant 

changes in osteoblast, osteoclast or osteocyte markers were discovered with sActRIIB-
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mFc treatment in Wt mice. Male +/G610C tibias demonstrated significant increases in 

transcript levels of Alpl (Osteoblast), dentin matrix protein 1 (Dmp1, Osteocyte) and 

Phosphate Regulating Endopeptidase Homolog, X-Linked (Phex, osteocyte) relative to 

vehicle treated counterparts. In female mice, sActRIIB-mFc treated mice exhibited a 

trend towards decreasing gene expression in all cell types and significantly 

downregulated expression of Ctsk (Osteoclast) and Sost (osteocyte), Figure 4. 

Conversely, female +/G610C mice exhibited a trend towards increased gene expression 

with increases in osterix (Osx, osteoblast), heat shock protein 47 (Serpinh1, osteoblast) 

and Csf1 (osteoclast). Female oim/oim mice did not exhibit significant changes in their 

tibial gene expression profile with sActRIIB-mFc treatment. 
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Figure B.1: Male oim/oim mice exhibited upregulation of osteoblast, osteoclast, and 

osteocyte marker genes as compared to WT counterparts. A) Relative fold changes of 

vehicle treated +/G610C and oim/oim Runx2, Sp7 (Osterix), Dlx5, Alpl (Alkaline 

phosphatase), Serpinh1 (Hsp47), and Bglap (osteocalcin), B) Csf1 (M-CSF), Tnfsf11 

(Rankl), Itgb3 (Integrinβ−3), and Ctsk (Cathepsin K), and C) Dmp1, Phex, Sost 

(sclerostin), and β-cat (β catenin) mRNA levels with respect to vehicle treated WT mice. 

(n=10 WT+vehicle [blue], n=8 +/G610C+vehicle [red], and n=11 oim/oim+vehicle 

[green]) (Alpl gene expression levels of WT and oim/oim sample size were 7 and 8, 

respectively). Values are MEAN±SD. *p<0.05; †p<0.05 vs. WT+vehicle treated 

mice; *ap=0.0676. 
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Figure B.2:  Expression levels of vehicle-treated female mouse tibiae osteoblast, 

osteoclast, and osteocyte genes. A) Relative fold changes of vehicle-treated +/G610C and 

oim/oim mouse tibial osteoblast [Runx2, Sp7 (Osterix), Dlx5, Alpl (Alkaline 

phosphatase), Serpinh1 (Hsp47), and Bglap (osteocalcin)], B) osteoclast [Csf1 (M-CSF), 

Tnfsf11 (Rankl), Itgb3 (Integrinβ-3), and Ctsk (Cathepsin K)], and C) osteocyte [Dmp1, 

Phex, Sost (sclerostin), and β-cat (β catenin)] mRNA levels with respect to vehicle-

treated WT mice.  (10 WT+vehicle [blue], 8 +/G610C+vehicle [red], and 11 

oim/oim+vehicle [green]. Values are MEAN±SD. *p<0.05; †p<0.05 vs. WT+vehicle 

treated mice. 
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Figure B.3: sActRIIB-mFc treated male oim/oim mice demonstrated upregulation of 

osteoblast and osteocyte marker genes as compared to vehicle treated counterparts. A) 

Relative fold changes of sActRIIB-mFc treated WT osteoblast (Runx2, Sp7, Dlx5, Alpl, 

Serpinh1, and Bglap), osteoclast (Csf1, Tnfsf11, Itgb3, and Ctsk), and osteocyte (Dmp1, 

Phex, Sost, and β-cat) mRNA levels with respect to vehicle treated WT mice, B) Relative 

fold changes of sActRIIB-mFc treated +/G610C osteoblast, osteoclast, and osteocyte 

mRNA levels with respect to vehicle treated +/G610C mice, and C) Relative fold 

changes of sActRIIB-mFc treated oim/oim osteoblast, osteoclast, and osteocyte mRNA 

levels with respect to vehicle treated oim/oim mice. (n=10 WT+vehicle [blue], n=10 

WT+sActRIIB-mFc [blue diagonal], n=8 +/G610C+vehicle [red], 

n=8 +/G610C+sActRIIB-mFc [red diagonal], n=11 oim/oim+vehicle [green], and 

n=11 oim/oim+sActRIIB-mFc [green diagonal] [Alpl gene expression level of WT 

and oim/oim sample size were 7 and 8, respectively]). Values are MEAN±SD. 

*p<0.05; †p<0.05 vs. WT+vehicle treated mice; *bp=0.0545. 
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 Figure B.4. Expression levels of vehicle- and sActRIIB-mFc-treated female mouse tibial 

osteoblast, osteoclast, and osteocyte genes. A) Relative fold changes of sActRIIB-mFc 

treated WT mouse tibial osteoblast (Runx2, Sp7, Dlx5, Alpl, Serpinh1, and Bglap), 

osteoclast (Csf1, Tnfsf11, Itgb3, and Ctsk), and osteocyte (Dmp1, Phex, Sost, and β-cat) 

mRNA levels with respect to vehicle-treated WT mouse tibiae, B) Relative fold changes 

of sActRIIB-mFc treated +/G610C mouse tibial osteoblast, osteoclast, and osteocyte 

mRNA levels with respect to vehicle-treated +/G610C mouse tibiae. C) Relative fold 

changes of sActRIIB-mFc treated oim/oim mouse tibial osteoblast, osteoclast, and 

osteocyte mRNA levels with respect to vehicle-treated oim/oim mouse tibiae. (10 

WT+vehicle [blue], 10 WT+sActRIIB-mFc [blue diagonal], 8 +/G610C+vehicle [red], 8 

+/G610C+sActRIIB-mFc [red diagonal], 11 oim/oim+vehicle [green], and 11 

oim/oim+sActRIIB-mFc [green diagonal] [Alpl gene expression level of WT and oim/oim 

sample size were 7 and 8, respectively]). Values are MEAN±SD. *p<0.05; †p<0.05 vs. 

WT+vehicle treated mice; a*p=0.0587; b*p=0.0559. 
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Discussion 

In this study, we observed that sActRIIB-mFc treatment results in substantial 

increases in femoral trabecular bone volume in Wt, +/G610C and oim/oim mice 

regardless of sex, as well as improvements in the cortical microarchitecture and femoral 

biomechanical strength in only Wt and +/G610C mice(19). Gene expression analyses 

revealed a trend towards increased expression of osteoblastic genes in male oim/oim 

mice, a feature likely associated with the observation that oim/oim mice possess a large 

number of osteoblasts that are continuously stimulated, but fail to differentiate 

successfully into mature osteoblasts(72). Male +/G610C mice also appeared to have 

decreases in the expression of osteoclastic genes.  

Treatment with sActRIIB-mFc significantly decreased cathepsin K (osteoclast 

marker) and sclerostin (osteocyte marker) in female Wt mice but did not change gene 

expression in male Wt mice. Female +/G610C also exhibit increased expression of 

osterix and serpinh1 (osteoblast markers), colony stimulating factor 1 (Csf1, osteoclast 

marker); and increased cathepsin K (osteoclast marker) expression in male +/G610C 

mice. Lastly, although no changes in bone cell gene expression were observed in female 

oim/oim mice, the expression of alkaline phosphatase (Alpl, osteoblast marker); dentin 

matrix protein 1 (Dmp1, osteocyte marker) and phosphate regulating endopeptidase 

homolog X-linked (Phex, osteocyte marker) in male oim/oim mice wee increased. In 

sActRIIB-mFc-treated mice, histological analyses of femurs revealed increases in 

osteoblast numbers in all mice, but no impact on the number of active osteoblast 

(N.Ob/Bpm(mm-1)) was observed(19). Although some of the genes assayed were 

upregulated with treatment, the absence of a consistent expression pattern in cell-specific 
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genes, likely suggests that at 4 months of age, mice, a steady state in bone modeling had 

already been achieved. 

In conclusion, our findings indicate that sActRIIB-mFc treatment has differential 

effects on G610C and OIM mice, which may in part reflect differences in disease severity 

(severe in oim/oim vs. moderately severe in +/G610C), the presence of muscle pathology 

in oim/oim mice and/or their unique molecular defects. Study limitations include the use 

of intact tibiae, which contain bone marrow. Bone marrow is composed of multiple cells 

which may influence gene expression outcomes, likely diluting the specific gene 

expression profiles of bone cells.  
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