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Abstract 

Every year, millions of Americans are affected by illnesses and injuries that force them into periods 

of limited mechanical loading, such as bed rest, wheelchair usage, limb casting, or spaceflight. 

Disuse can occur at any point throughout life for many reasons, even in otherwise healthy 

individuals. During disuse, bones and muscles atrophy from a lack of mechanical loading. This 

tissue loss can have implications for those already at risk of low bone and muscle mass, including 

older individuals, those undergoing weight loss, or individuals with preexisting conditions. It is 

also an area ripe for innovation, as new pharmaceuticals and supplements for bone and muscle 

mass gain have well-established medical and wellness niches. Unfortunately, bone and muscle 

growth research often focuses on a single age group, despite differences in musculoskeletal 

remodeling throughout the lifespan. Additionally, the understanding of the effect that commonly 

prescribed pharmaceuticals have during unloading has not been fully explored. This dissertation 

overcomes this limitation by including different ages and sexes in bone and muscle health 

investigations during unloading with pharmaceutical interventions. First, it investigates the effect 

of mechanical unloading across the lifespan by utilizing young, middle-aged, and old mice. Next, 

it explores how bone mass maintenance might support muscle mass maintenance with alendronate 

treatment and identifies the effect of bone-muscle crosstalk proteins. Finally, it identifies the side 

effects of the blockbuster pharmaceutical Semaglutide, also known as Ozempic, during periods of 

unloading and reloading, which could impact bone and muscle atrophy and growth. Together, 

these studies offer novel insight into the impact of different medications during mechanical 

unloading. This research also supports the hypothesis that changes in response to mechanical 

unloading occur across the lifespan. 
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Chapter 1: Background 

 

1.1 Significance: Bone and Muscle Loss During Unloading with 
Pharmaceutical Use 
 
Mechanical unloading is a common following of injury and disease in all age groups, and can lead 

to bone and muscle loss. Disuse can be as transient as recovery from a sprained ankle or as long-

lasting as bed rest for patients experiencing chronic pain. While these conditions affect all ages, 

musculoskeletal tissues vary tremendously across the lifespan in terms of both tissue mass and 

mechanical function. This impacts the rate of bone and muscle loss and the ability to regain lost 

tissue during recovery. These tissues may also adapt differently to different medications used 

during mechanical unloading, such as bisphosphonates and GLP1-receptor agonists. 

Bisphosphonates are prescribed to maintain bone in individuals at risk of low bone mass, 

particularly those with osteoporosis. As a mediator of bone resorption, bisphosphonates can also 

be used to investigate the impact of bone resorption on muscle health through biological crosstalk. 

However, bisphosphonates are usually only prescribed to older individuals. GLP-1 receptor 

agonists, including Ozempic, are meant to cause significant weight loss, which reduces mechanical 

loading in response to physical activity. How weight loss may impact musculoskeletal tissue loss 

during periods of unloading is unknown. The effect of biological crosstalk and pharmaceutical 

usage during mechanical unloading needs to be better understood if we hope to improve clinical 

outcomes in patients.  
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1.2 Musculoskeletal Response to Mechanical Loading and Unloading 
 

Understanding the mechanisms of mechanotransduction in these tissues is essential for researching 

the effect of crosstalk and pharmaceuticals on bones and muscles during mechanical unloading.  

 

1.2.1 Bone Anatomy & Physiology 
 
Approximately 90% of bone cells in the body are 

osteocytes (Fig. 1.1[1]), the primary cellular regulators 

of bone remodeling [2]. These cells live in holes in the 

bone called lacuna and connect through dendritic 

processes that span canals in the bone called canaliculi. 

The lacuno-canalicular network is encased within the 

extracellular matrix (ECM) of bone and filled with 

interstitial fluid. The ECM is comprised of organic and inorganic compounds, mainly collagen  

and hydroxyapatite, that give bone its hard yet resilient properties. Cell-to-cell connections in the 

osteocyte dendritic processes, known as gap junctions, allow material and signal transfer between 

osteocytes and other bone cells and facilitate the regulation of bone growth, remodeling, and 

resorption [3]. 

  

Bone remodeling occurs when damaged or excess bone is resorbed and new bone is created (Fig. 

1.2[4]).  Bone resorption is triggered to replace damaged bone, or to reduce bone mass in response 

to many stimuli, including disuse. Osteocytes release receptor activator of NF-κB ligand (RANKL) 

to trigger osteoclastogenesis, the proliferation of osteoclasts. RANKL and macrophage colony-

stimulating factor (M-CSF, released by osteoblasts) bind to their respective receptors on osteoclast 

Figure 1.1. Osteocytes. Altered from Qin et Al. 2021 [1].  
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progenitor cells. These monocytic cells fuse into a multinucleated osteoclast and, with additional 

stimulation from RANKL and M-CSF, mature and attach to the bone surface, creating a sealed 

pocket called the Howship’s lacunae. Osteoclasts then secrete HCl, Cathepsin K, and other 

enzymes to dissolve mineral and collagenous bone components[5-7] (Fig. 1.3[8]). Hydroxyapatite 

is broken down into Ca2+ and (PO4)3-, which are released into the bloodstream. Once the damaged 

tissue is dissolved, osteoblasts produce osteoprotegerin (OPG), which binds to RANKL so it 

cannot bind to RANK trimers on osteoclast progenitor cells or immature osteoclasts. Osteocytes 

and osteoblasts regulate osteoclast 

differentiation through the RANKL/OPG 

pathway in this manner, encouraging osteoclast 

apoptosis and effectively halting bone 

resorption.  

 

Figure 1.2. Bone Remodeling. From Maciel et al. (2023). 

Figure 1.3. Osteoclastic bone resorption. From Ainola (2009) 
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To form new bone, osteoblasts are recruited to the resorption site and secrete an osteoid seam in 

the crater created by osteoclasts during resorption [9, 10]. Some osteoblasts undergo apoptosis 

while others embed themselves in the mineralized matrix and differentiate into osteocytes with 

newly formed dendritic processes. Bone lining cells then cover the surface of newly formed bone, 

connecting with osteocytes via gap junctions to participate in remodeling signaling. Once bone 

formation is complete, osteocytes secrete sclerostin, a protein that halts osteoblast activity by 

inhibiting BMP2 [11, 12].  

 

1.2.2 Mechanotransduction in Bone 
 

Maintaining bone throughout a person’s lifespan requires efficient mechanotransduction, which is 

how cells convert mechanical stimuli into electrochemical signals transmittable throughout tissue 

[13]. Mechanotransduction has four distinct phases: 1) mechanocoupling, 2) biochemical 

coupling, 3) transmission of signal, and 4) effector cell response [14-16].  

 

1.2.2.1 Mechanocoupling 
 
For cells to react to an environmental mechanical stimulus, it must first be converted into a local 

mechanical signal. Local signals are measured in microstrain (μe), where 1 μe = 1 micron (μm) of 

deformation per meter (m). Strains result from the culmination of peak forces exerted on the bone 

from bending and compression from locomotion or other coordinated movements, which must be 

dynamic to create an osteogenic response [17-19]. Osteocytes are biaxially loaded during strain. 

Additionally, as the bone matrix bends, the strain gradients across the bone matrix produce an 

extracellular fluid flow sensed by osteocytes as fluid sheer stress on the cell process membrane 

(Fig. 1.4 [20]) [14, 20-22]. Osteocytes are connected to the walls of the lacuno-canalicular network 
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via a pericellular matrix composed of fibroblast intermediate filaments that connect to the 

osteocytic intracellular actin cytoskeleton [23, 24]. Upon bending, the fluid flow exerts drag on 

the pericellular matrix filaments, causing a deformation in the osteocyte cell membrane and actin 

cytoskeleton [23]. The formation of the pericellular matrix and cytoskeleton connection causes a 

hoop strain, producing approximately 10 times the force compared to fluid shear stress on the cell 

process membrane and 20 to 100 times the forces exerted on osteocytes through a direct 

transference of force from the ECM [23].  

 

 

 

 

 

 

 

 

 
 
 
 
 
1.2.2.2 Biochemical Coupling  
 
Once a local mechanical signal is detected, it can be converted into a biochemical signal. One 

method of biochemical coupling is the activation of ligand-integrin-cytoskeleton linkages, which 

translate external mechanical stimuli into signaling cascades inside the cell. Proteins and integrins 

comprise extracellular organelles called focal adhesions that connect the ECM to the cytoskeleton 

through the cell membrane [15]. Cytoskeleton changes alter phenotype expression. The activation 

Figure 1.4. Interstitial fluid flow in response to mechanical loading on bone. From Hughes et Al. 
(2016). 
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of this pathway upregulates osteogenic transcription of factors, such as RUNX2, which leads to 

osteoblast differentiation [15]. Transmembrane ion channels, such as calcium channels and 

connexins (grouped in hemichannels as part of gap junctions (Fig. 1.5[25]), allow for the flow of 

Ca2+, ATP, cAMP, and other signaling molecules [3, 26]. Protruding tubes on the cell membrane 

surface called primary cilia activate Ca2+ ion translocation into bone sensory cells through 

polycystin channels that open during mechanical stimulation, causing cell membrane 

depolarization [15]. This catalyzes STAT and Wnt signaling pathways [27], and oscillatory fluid 

flow (OFF) sensed by the cilia increases COX-2 and BMP2 expression, driving osteogenesis and 

MSC proliferation [28].  

 

 

 

 

 

 

 

 

Transmembrane glycoproteins called cadherins also regulate biochemical coupling by α-catenin 

and β-catenin association. During fluid shear stress, cadherin disassociates with β-catenin [29], 

which then fills the cell and is available to trigger the canonical Wnt signaling pathway [30-32]. 

 

Figure 1.5. Gap junctions. From Fiori et Al. (2017). 
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1.2.2.3 Transmission of Signal 
 
The biochemical signal then transmits to the nucleus. Kinase enzymes such as those in Akt, FAK, 

and MAPK subgroups phosphorylate signal molecules, starting many bone-regulating pathways 

that lead to osteogenesis  [15, 33, 34]. Intracellular calcium ion (Ca2+) concentrations are regulated 

by Piezo channel responses to fluid shear stress [35, 36]. Increased Ca2+ triggers ATP, NO, and 

kinase signaling cascades/pathways. This is also essential for increasing PGE2 inside osteocytes, 

regulating mechanosensory response and PGE2 intercellular signal transmission through 

proliferation of Connexin 43 (Cx43)  [37]. The canonical Wnt signaling pathway, activated 

through β-catenin, transmits mechanosensory signals to increase osteogenesis.  

 

Once the biochemical signal has reached the nucleus, the signal can then be transmitted from the 

sensor cell to the effector cell via direct or indirect methods. Gap junctions are connections 

between cells that allow for direct transmission of signals and cytoplasmic materials. A 

hemichannel composed of six connexin (Cx) subunits permeates the cell membrane and connects 

with another cell hemichannel to create a pathway for material transfer (Fig. 1.5 [25]) [38, 39]. 

Connexin 43 (Cx43) is responsible for many gap junction functions that exist between osteocytes 

in the lacuno-canalicular network, allowing particles up to 1kDa to pass between cells [3, 39-41]. 

Compression and tension of bone tissue cause a calcium ion signal to be transmitted through these 

gap junctions, leading to an increase in bone formation signaling (Fig. 1.4 [20]). Indirect signal 

transfer occurs when molecules are secreted by sensor cells and later absorbed or sensed by other 

cells through paracrine or endocrine signaling. Different types of multi-tissue crosstalk occur 

through these channels, including bone-muscle crosstalk.  



 8 

1.2.2.4 Effector Cell Response  
 
When the effector cell finally receives the biochemical signal, it reacts as necessary to maintain 

the equilibrium of bone strain. Bone remodeling is significantly tied to physical forces placed on 

musculoskeletal tissue by loading and movement. As first proposed by Wolff’s Law, bone reacts 

to mechanical force by altering modeling and resorption rates based on the force applied [42]. In 

his Mechanostat theory, Frost proposed that there is an ideal strain for bone and mechanisms within 

the bone reacting to different amounts of strain [43-45]. Bone mass remains at equilibrium under 

an intrinsically preferred physiologic load. At the same time, periods of low magnitude strain 

promote resorption, while high strain stimulates modeling (Fig. 1.4 [46]). If a strain is too high, 

woven bone is produced to prevent fracture caused by overloading the bone tissue. These loading 

“zones” are differentiated by a minimum effective strain (MES) sensed by bone tissue. Loading 

must be large enough and cyclical in nature to produce most bone-forming responses [19, 47]. 

 

 

Figure 1.6. Skedros' rendition of Frost’s Mechanostat theory. From Skedros et Al. (2001). 
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1.2.3 Mechanical Unloading  
 
During periods of unloading, or disuse, there is not enough strain to prompt bone mass 

maintenance through mechanotransduction pathways. Transcription of osteogenic and osteoblast 

proliferating genes is downregulated, while osteoclastogenesis-promoting genes are upregulated. 

In muscle, protein synthesis is decreased, and degradation rises, resulting in muscle atrophy. These 

effects start in as one week or less, depending on mechanical stimulation, age, sex, and gravity of 

the local environment. However, the full 

impact of these factors is not wholly 

characterized.  The rodent tail suspension 

hindlimb unloading model is used to study 

disuse in situations like prolonged bed rest 

and spaceflight, and as a proxy for wasting 

diseases (Fig. 1.7) [48, 49]. This model 

also allows researchers to investigate 

biological factors of mechanical unloading, 

such as gene expression and cytokine 

transfer.  

 

1.2.4. Muscles and Tendons During Periods of Unloading  
 
Muscles and tendons are also directly affected by mechanical loading and periods of unloading. 

Skeletal muscle cells are long, multinucleated fibers composed of sarcomeres arranged end to end 

in myofibrils. Myofibrils are bound together in a series of bundles surrounded by a sarcoplasmic 

reticulum (for Ca2+ storage and transfer); a protective sheet called the endomysium encircles each 

 

Figure 1.7. Murine hindlimb unloading cage. 
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individual muscle cell/fiber, and contains both vascular and neuronal networks (Fig. 1.8 [50]). 

Each muscle is individually structured to produce the desired force on bone when contracted. 

Muscles are attached to bones by tendons, which are strong connective tissue structures made from 

collagen that transmit forces from muscle to bone, act as a shock absorber, and prevent muscles 

from being damaged during movement. During contraction, myosin heads traverse actin filaments, 

hydrolyzing ATP with each step. This causes a shortening of sarcomeres, producing a force in the 

tendon and the attached bone. Like bone, muscle and tendon cells rely on mechanotransduction 

that creates appropriate intracellular responses to prevent atrophy and adapt to loading[51-55]. 

Unloading causes muscle and tendon adaptations, including atrophy and loss of function.  

 

 

 

 
 

 

 

 

1.3 Musculoskeletal Cytokines  
 
Many factors are involved in responses to mechanical unloading, including cytokines: small 

signaling proteins that regulate biological function. Many cytokines have multiple pathways of 

action throughout the body, including in musculoskeletal tissues. Mechanotransduction alters 

transcription of several key cytokines, including RANKL, OPG, TGF-b, and myostatin.  

 

Figure 1.8. Skeletal Muscle Structure. Modified from Gottie et Al.(2020). 
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1.3.1 RANKL 
Receptor activator of NF-kappa B (RANKL) is a type of Tumor Necrosis Factor (TNF) found 

throughout the body. In bone, it is released by osteoclasts and osteoblasts to promote 

osteoclastogenesis (Fig. 1.9[56]). The RANKL receptor RANK is located on osteoclast 

progenitors, osteoclasts, and some immune cells [57]. Mutations of the genes that encode RANK 

and RANKL can result in osteopetrosis, a disease characterized by abnormal bone growth leading 

to brittle, dense bones [58, 59]. RANK gene mutations can also present as early-onset Paget 

disease, osteolysis, panostotic expansile bone disease, and expansile skeletal hyperphosphatasia 

[57].  

 

 

Many pathways modulate RANKL concentration and transcription. Mechanical loading causes 

fluid shear stress on bone cell walls, which reduces RANKL expression by upregulating the 

expression of nitric oxide (NO) synthase (NOS) mRNA and related proteins [60, 61]. L-arginine 

is then converted to NO by NOS, allowing NO to inhibit RANKL in response to mechanical 

loading. Biaxial mechanical strain also reduces RANKL mRNA expression by up to 50% [62]. 

This is partially attributed to mitogen-activated protein kinase (MAPK) signaling pathways, 

Figure 1.9. RANKL in osteoclastogenesis. From Yasuda (2013). 
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specifically Extracellular signal-regulated kinase (ERK) and N-terminal Jun kinase (JNK) 

subfamilies. ERK 1 & 2 inhibit RANKL mRNA expression as a response to biaxial strain. 

 

1.3.2 RANKL/OPG Ratio 
Osteoprotegerin (OPG) is a tumor necrosis 

factor that regulates the release of RANKL 

into serum. OPG binds to RANKL, making it 

unavailable to bind to RANK, preventing 

bone resorption (Fig. 1.10 [63]) [63, 64]. The 

RANKL/OPG ratio is often used to discuss 

the availability of RANKL for binding, as 

low RANKL/OPG ratios are inversely 

correlated with RANKL levels in serum. 

RANKL and OPG concentrations change 

with mechanical loading [65, 66]. Additionally, hormones and other cytokines can influence 

RANKL/OPG ratios. Parathyroid hormone (PTH) and sclerostin upregulate RANKL and inhibit 

OPG expression [67, 68]. Inflammatory cytokine IL-6 concentrations also increase the 

RANKL/OPG ratio by reducing OPG concentrations in vitro [69]. Estrogen is a positive regulator 

of OPG, decreasing osteoclastogenesis and suggesting how hormone changes during and after 

menopause can decrease bone mass [70].  

 

Oscillatory fluid flow (OFF) occurs in bone due to the compressive strain experienced by this 

tissue during mechanical loading, pushing fluid through the lacuna-canalicular network [71]. This 

fluid flow is considered oscillatory as mechanical movements such as walking are often repetitive, 

Figure 1.10. RANKL/OPG Ratio from Kajiya et al. (2010). 
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creating a consistent cyclical pattern of fluid flow to and from regions of bone [26, 72]. During 

OFF, ATP, PGE2, and OPG concentrations are increased while RANKL concentrations are 

decreased [26, 73]. The reduction of the  RANKL/OPG ratio decreases osteoclastogenesis [73].  

 

1.3.3 TGF-b 
Transforming growth factor β1 (TGF-β1) is a cytokine from a family of growth factors that 

modulate cell growth and inhibition throughout the body [74-76]. In bone, TGF-β1 is bound to 

latency-associated protein (LAPs) inside the bone matrix, where it is inactive [77-79]. LAP is 

cleaved from TGF-β1 during osteoclastic bone resorption, releasing bioactive TGF-β1 into the 

interstitial fluid [79, 80]. TGF-β1 is then available to bind to TβRI receptors and trigger 

phosphorylation of SMAD2/3 which bind to co-SMAD4, allowing for transcription of TGF- β 

dependent genes (Fig. 1.11 [81]) [81].  TGF-β1 dysregulation and genetic mutations can cause 

musculoskeletal diseases, such muscular dystrophy [82], hairy cell leukemia [83], and Camurati-

Engelmann disease [84, 85], 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11. TGF-β pathway in bone cells. From Kubiczkova et Al 2023. 
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TGF-b signaling pathways are robust and are influenced by many factors, including mechanical 

stimuli. This stimulation can affect TGF-b concentrations, but the response depends on the force 

magnitude and application method. Activated TGF-b release increases after intermittent 

hydrostatic compression (IHC) [86]. Alternatively, fluid shear stress induces TGF-b signaling, 

increasing production of TGF-b  and bone mineralization protein Type 1 receptors [87]. This 

increase manifests in increased Smad 2 & 3 phosphorylation. Some studies suggest that the effect 

of mechanical stimuli from mechanical loading on TGF-b concentrations appears to be localized 

to long bones, at least in rodent models [88, 89] . However, this contradicts studies where increases 

in systemic TGF-β concentration were observed.  There may be additional forces at play in vivo 

that could not be controlled for in cell culture experiments. Investigation into the transfer of TGF-

b from bone to muscle during mechanical unloading must be conducted to determine if it plays a 

key role in muscle atrophy during unloading in vivo.  
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1.3.4 Myostatin 
 
Growth differentiation factor 8 (GDF8), colloquially known as 

Myostatin, is a negative regulator of muscle mass in both 

embryonic and adult mammals. During periods of disuse, such as 

bed rest, wheelchair usage, or space flight, myostatin expression 

increases. Acting through the ActRIIB pathway, myostatin binds 

with activin to activate the same Smad 2/3 phosphorylation 

pathway previously described for TGF-b1. In muscle, this 

inhibits production of MyoD, a protein essential for muscle 

differentiation, leading to atrophy (Fig. 1.12 [90]) [90, 91]. AKT 

expression and subsequent phosphorylation of FOXO are also 

diminished by myostatin, leading to muscle protein 

ubiquitination. In this process, proteins are degraded by the 

ubiquitin-proteasome system (UPS) [91-93]. The result of this 

ubiquitination is a reduction of muscle mass, which can manifest 

in short-term muscle wasting or long-term pathologies like 

sarcopenia or cachexia. 

 

  

Figure 1.12. Myostatin Pathways in Muscle. 
From Han and Mitch (2011). 
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1.4 Bone-Muscle Crosstalk  
 
Bone and muscle are intrinsically connected – each tissue acts on the other mechanically during 

movement and locomotion. Even wasting diseases like osteopenia and sarcopenia are considered 

the same disease to some researchers, who coined osteosarcopenia to demonstrate that the diseases 

are one and the same. As these tissues are so interconnected, it shouldn’t come as a surprise that 

bone and muscle also communicate via protein transfer, or crosstalk [94-99]. Cytokines are 

proteins excreted from cells that can trigger action in the secretory cell itself (autocrine signaling), 

other cells in proximity (paracrine signaling), or cells in distant areas of an organism (endocrine 

signaling). These proteins are often categorized by their tissue of origin; osteokines originate in 

bone, while myokines originate in muscle. Biological crosstalk between bone and muscle tissues 

involves cytokines regulating different aspects of bone and muscle activity [94-99]. 

 

During disuse, osteoclasts break down existing bone tissue, releasing osteokines that can affect 

muscle metabolism. Two of these signaling proteins are TGF-β [100-102] and RANKL [57, 102-

109], both of which initiate myopathy through their respective pathways. TGF-β release during 

bone metastasis decreases muscle Ca2+ concentration, driving muscle weakness [101]. TGF-β also 

activates the same pathway in muscle as myostatin, driving muscle atrophy in high concentrations 

[100]. RANKL inhibits myogenesis through regulation of Ca2+ storage in the sarcoplasmic 

reticulum [104]. As a result, circulating RANKL contributes to muscle weakness in ovarian cancer 

patients  [110]. Similarly, the myokine myostatin triggers muscle resorption, inhibits new muscle 

growth, reduces muscle mass and strength [111-113], and affects bone. Myostatin can regulate 

osteoblast differentiation, osteoclast development, and bone morphology and atrophy in normal 

and unloaded conditions [94, 95, 97, 112-114]. Myostatin inhibition increases bone BMD, BMC, 
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length, and other key characteristics of many bones in the murine skeleton (Fig. 1.13 [115]) [115]. 

Inhibiting Myostatin receptor ActIIB can prevent trabecular bone loss in chemotherapy patients 

[116].  

 

While these interactions are well characterized during periods of bone resorption caused by disuse 

and disease, it is unknown how crosstalk interacts with the biological changes caused by reductions 

in mechanical stimuli. Bisphosphonates maintain bone volume by reducing bone resorption by 

osteoclasts. In theory, decreased bone resorption should prevent the release of osteokines that drive 

muscle atrophy, such as TGF-β. Similarly, myostatin concentration is increased with muscle 

atrophy. Myostatin should not cause bone quantity and quality reductions if muscles are 

maintained during unloading. However, these biological crosstalk interactions have not yet been 

investigated.  

Figure 1.13. Effect of myostatin inhibition in murine skeleton. From Elkasrawy and Hamrick (2010). 
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1.5 Pharmaceutical Treatments  
 
Medications used to directly or indirectly maintain bone can also affect multiple musculoskeletal 

tissues. This can be especially true during periods of modified or complete mechanical unloading. 

Bone-maintenance drugs, such as bisphosphonates, can prevent the deleterious effects of disuse. 

These medications can therefore be used to research the biological crosstalk present during 

unloading. Other medications, such as GLP-1 receptor agonists, which are used for treating 

diseases such as Type 2 Diabetes Mellitus, or for weight loss, are not prescribed for the direct 

treatment of bone. However, these drugs may have positive or negative impacts on bone without 

unloading, and unknown interactions with these tissues during unloading. Investigating these 

pharmaceuticals can help us understand mechanical unloading as it impacts current patient 

populations.  

 
1.5.1 Bisphosphonates 
 

Bisphosphonate usage is common in older patients who wish to maintain bone volume due to 

osteopenia, osteoporosis, and other diseases that directly or indirectly impact bone. 

Bisphosphonates maintain bone mass by interfering with normal osteoclast function and inhibiting 

bone resorption [117-119], and may reduce loss of muscle mass and function [120, 121]. 

Bisphosphonate treatment is prescribed to populations needing to retain bone mass, such as those 

with osteoporosis or bone atrophy due to certain cancers. It is also used in aerospace applications 

to prevent bone loss in astronauts during long-duration spaceflight missions [122]. Alendronate is 

an FDA-approved aminobisphosphonate commonly prescribed under the drug name Fosamax®. 

Alendronate binds to bone surfaces and prevents osteoclastic resorption by promoting apoptosis 

[6, 123] and interfering with the production of geranylgeraniol during the mevalonate pathway, 
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preventing cholesterol synthesis [124]. This ultimately interrupts cytoskeleton function [6, 119, 

124]. Alendronate that is not absorbed by osteoclasts can remain in mineralized bone for several 

years, possibly interfering with osteoclasts during subsequent periods of resorption [125]. 

Osteocytes and osteoblasts are protected from alendronate-instigated transduction of extracellular 

signal-regulated kinase activation of connexin 43 (Cx43) found in bone gap junctions [41, 126]. 

 

Osteonecrosis of the jaw is a rare but serious side effect of bisphosphonate treatment, especially 

for patients with dental issues. Some doctors may suggest drug holidays (scheduled gaps in 

treatment) to prevent this. They may also prescribe other medications to maintain bone mass 

depending on the age, sex, and other conditions a patient might have. Other treatment options 

include Denosumab, Romosozumab, and hormone therapies. Denosumab is an FDA-approved 

treatment to prevent bone resorption and cancer metastases by inhibiting RANKL binding to 

RANK during osteoclastogenesis [127]. Romosozumab is also FDA approved and is used to 

inhibit sclerostin, a protein encoded by the SOST gene that interferes with osteoblastogenesis and 

osteoblast function [128, 129]. Hormone therapies can also be used, and many doctors prescribe 

vitamin C and D during osteoporosis treatment.  

 

1.5.1.1 Bisphosphonate-Related Mechanotransduction Signal Disruption 
 
As bisphosphonates interfere with osteoclast processes, they inherently alter the ability of the 

skeletal system to regulate bone mass. Amino and non-amino bisphosphates and specific drugs 

have different implications for the molecules present in the bone environment. The current 

consensus is that the effects of bisphosphonates on RANKL and OPG transcription, production, 

and serum levels vary widely depending on the specific drug mechanisms of action,  
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musculoskeletal disease status, and the affected tissue types [130-133]. These variations introduce 

uncertainty in the effect of these medications on different age groups, as bone and muscle tissue 

function and abundance change throughout the lifespan. 

 

1.5.2 GLP-1 & GLP-1 Receptor Agonists 
 
Glucagon-like peptide-1 (GLP-1) is a type of 

gut hormone called an incretin that modulates 

glucose homeostasis (Fig. 1.14) [134]. 

Incretins work by regulating the release of 

insulin, which transports glucose from the 

blood into cells [135]. Insulin secretion by 

pancreatic β-cells is increased during periods 

of high blood glucose, such as after a meal, and 

reduced when blood glucose levels return to 

basal levels. Incretins modulate this release 

and reduce glucagon secretion from the 

pancreas, reducing blood glucose levels. 

Glucagon would otherwise trigger the breakdown of glycogen and its release as glucose from the 

liver. Once blood glucose levels have stabilized, these glucose-dependent hormones will no longer 

activate insulin release. This insulin regulation in response to regular glucose shifts caused by 

eating and exercise is essential to preventing pathologically dangerous blood glucose levels. 

 
 
 

GLP-1 

Figure 1.13. Glucose homeostasis, modified from Röder et al. (2016). 
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During Type 2 Diabetes Mellitus (T2D), insulin sensitivity of cells is reduced, preventing the 

transfer of glucose into cells and resulting in hyperglycemia, an elevated blood glucose level. If 

not treated, hyperglycemia can lead to a variety of dangerous health problems[136-138], such as 

heart disease[139], kidney disease[140, 141], nerve damage[142, 143], and vision loss[144]. To 

treat this, many T2D patients receive medical injections of insulin to reduce blood glucose levels 

[145, 146]. However, insulin treatment can cause hypoglycemia [147, 148], or low blood glucose 

levels, which can cause seizures [149], loss of consciousness or coma [148-150], brain damage 

[151, 152], or death [152, 153]. These glucose-independent treatments require patients and 

caretakers to consistently monitor insulin and blood sugar levels to prevent the dangerous extremes 

of blood glucose concentration [154]. Whereas insulin injections are glucose-independent, a newer 

class of drug known as GLP-1 receptor agonists (GLP-1RAs) act on the same glucose-dependent 

pathway as GLP-1 (Fig. 1.15 [155]). In this pathway, GLP-1 binds to its receptor in pancreatic B-

cells, allowing for the coupled G protein to release from the receptor to bind to Adenylyl cyclase. 

Adenylyl cyclase then catalyzes the conversion of ATP to cAMP. Glucose is required for ATP 

availability in the cell, though high levels of ATP restrict the channels that allow for intracellular 

glucose uptake. cAMP can then activate PKA, which is needed for changes in ion transfer 

necessary for insulin secretion. These medications simulate GLP-1 but have a significantly longer 

half-life. Unlike GLP-1, which has a half-life of 1-7 minutes[156], these analogs can remain active 

for up to 168 hours (1 week) due to their designed resistance to the enzyme dipeptidyl‐peptidase 

IV (DPP-4), which breaks down excess GLP-1[156-158]. They therefore remain in the blood until 

they are needed to reduce blood glucose levels.  
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Additionally, like GLP-1, these agonists also reduce the pancreas secretion of glucagon, slow 

gastric emptying, and reduce appetite[135]. Semaglutide and other GLP-1RAs have also been 

shown to penetrate the blood-brain barrier with potential central nervous system effects that may 

modulate satiety and craving responses, though further investigation is needed[159]. Together, 

these effects modulate blood glucose levels and, in many patients, contribute to weight loss.  

 

Weight loss, however, does not only come from a reduction in body fat (adipose tissue). Fat-free 

mass loss, including muscle, can comprise up to 40% of weight loss, depending on the weight loss 

method [160]. Caloric restriction weight loss results in less overall weight loss, as well as a lower 

Figure 1.14. The GLP-1 mechanism in the pancreas (glucose-dependent).  From Verspohl (2009). GLP-1 stimulates the 
GLP-1 receptor, which is coupled to a heterotrimeric G-protein. This allows for the exchange of GDP and GTP, releasing 
the G-protein a subunit to bind with Adenylyl cyclase, which catalyzes the production of cAMP from ATP. cAMP then 
increases insulin mRNA transcription and activates protein kinase A(PKA). Together, cAMP and PKA depolarize the 
cellular membrane, driving ion channel activation. An influx of Ca2+ ions then triggers secretion of insulin.   
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percentage of fat-free mass (FFM) loss (10-30%), while GLP-1RA-induced weight loss can result 

in more weight loss but also higher levels of FFM loss (25-39%) [160-162]. Lower-weight 

individuals may lose little to no muscle mass during low-dose Semaglutide treatment [163], though 

this retrospective study was only focused on 25 T2D patients. While some researchers argue that 

the muscle loss during GLP-1RA-induced weight loss may not be clinically relevant due to the 

health benefits of weight loss and improvement in muscle quality metrics [162], countless others 

clearly demonstrate the importance of skeletal muscle as a structural and metabolically relevant 

tissue (Fig.1.16[160]) [2, 95, 160, 164]. Sarcopenia, a progressive loss of muscle mass,  is a 

growing concern in larger-bodied patients who lose and regain weight [165, 166], especially in 

older adults [167-169]. Older patients with T2D have increased loss of muscle mass and function 

compared to those with normal insulin susceptibility [170], making this an even more threatening 

condition.  

 

 

Figure 1.15. Muscle functions.  From Prado et al (2024). 
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Weight reduction can also lead to bone loss due to decreased mechanical loading, nutrient 

reduction, and hormone changes [171-176]. As discussed previously, loading is required for bone 

remodeling homeostasis. Reductions in caloric intake can interrupt nutrient intake, and low-fat 

diets can also impact nutrient absorption. For example, vitamin D is fat-soluble and required for 

calcium absorption, so low fat diets may further increase these nutrient deficiencies without 

additional interventions [177]. Changes in hormone production caused by fat and muscle loss, such 

as reductions in adiponectin and estrogen, can also impact bone resorption through various 

pathways [178-181]. Increases in bone marrow adipose tissue might also contribute to bone 

dysfunction after weight loss [182]. Similar to muscle loss, rapid weight loss leads to increased 

bone loss compared to more gradual and less severe weight loss [176]. Bone loss can also 

accelerate after weight regain [183]. 

 

Currently, 2 out of 3 patients stop taking GLP-1 RAs as a weight loss medication within one 

year[184]. Given that patients who stop taking these medications regain most of the weight lost, if 

not more, the danger of weight cycling is increased for patients who take Semaglutide for weight 

loss reasons. Patients who have success on the medication and regain weight may decide to retake 

it. This may be especially true as Semaglutide medication is currently cost-prohibitive for many 

Americans[185], which could cause gaps in medication.  Weight cycling increases the risk of 

sarcopenia and high body mass[165, 166], as well as increasing fracture risk [171] and reducing 

BMD[186]. Additionally, weight regain often occurs with less muscle or bone mass returning 

compared to the amount lost [183, 187-189]. For example, a study by Beavers et al. discovered 
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that for every 1kg of weight lost, 0.26kg was lean mass, but only 0.12kg of lean mass was gained 

back per 1kg regained[187].  

 
 
 
 
1.5.2.1 GLP-1 & Bone 
 
GLP-1 has direct and indirect effects on bone (Fig. 1.17 [190]). The prevalence of GLP-1 receptors 

on different bone cells is currently under investigation. Some studies suggest that GLP-1 receptors 

are not expressed in bone cells [191, 192], while others indicate that they are[193-196]. In vitro 

studies using mouse-derived cells demonstrate that GLP-1 receptors are expressed in 

osteoclasts[193, 196], and osteoclasts treated with GLP-1RAs exendin-4 and liraglutide have 

increased proliferation but reduced activity and similar levels of viability[193, 196]. MLO-Y4 cells 

and rat femoral osteocytes were also shown to express GLP-1R [195]. However, it is unclear 

whether mature osteoblasts express GLP-1R[192], though it is present during osteogenesis of 

several stem cell lines[192, 194, 197, 198]. GLP-1RA expression may also be regulated in a 

glucose-dependent manner [194]. 
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Relevant phenotypes and suggested mechanisms have been identified for the effects of GLP-1 and 

GLP-1RAs on bone. GLP-1RA treatment increases trabecular bone mass in mouse models [196]. 

Rodent models with reduced bone mass and quality saw improvements in max load, stiffness, and 

Young’s Modulus with GLP-1RA treatment [192, 199]. Glp-1r−/−  knockout mice have increased 

bone resorption, reduced cortical bone density, and increased fragility[200]. Glp1r-deficient mice 

show decreases in bone structural and material strength, possibly due to reductions in collagen-

crosslinking [191]. The GLP-1RA exendin-4 has been shown to bind to GLP-1R in bone marrow 

stromal cells, increasing osteogenic differentiation through protein kinase A(PKA)/ β-catenin 

signaling pathways[192]. GLP-1 may also stabilize β-catenin in the canonical Wnt/ β-catenin 

pathway by increasing cAMP expression in the cytoplasm of relevant cells[201]. 

Figure 1.16. GLP-1 effects on bone. From Mabilleau (2018). 
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Osteoclastogenesis was also reduced in cultured mouse cells through NF-κB and MAPK signaling 

pathways[193].  

 

However, some of this research may only apply to rodent models, not clinical studies or primates. 

For example, thyroid calcitonin production increases with GLP-1RA in rats but not primates [202]. 

In mice, GLP-1 may act in a calcitonin-dependent way to regulate bone homeostasis, but this has 

not been investigated in primates [200]. In vivo, in vitro, and clinical studies with different GLP-

1RAs have been comparatively inconsistent [190, 203]. More research is therefore needed to 

solidify relevant direct mechanisms of GLP-1, GLP-1RAs, and Semaglutide specifically, 

especially in humans.  

 

Different GLP-1RAs also exhibit different bone-altering effects given their various structures and 

mechanisms [204, 205]. Mice treated with exendin-4 have shown increased calcitonin, while those 

treated with liraglutide saw no increase [196]. In human patients, a weight loss clinical trial with 

liraglutide noted increased bone formation markers [206], while another study with weight loss 

using Semaglutide demonstrated no change in bone formation markers and an increase in bone 

resorption markers in patients at risk of fracture [207]. Given the difference in bone response 

between GLP-1RAs and a significant increase in half-life between Semaglutide and other more 

established but less prescribed GLP-1RAs, research already conducted on other compounds should 

be repeated with Semaglutide. The exponential increase of biological availability compared to 

GLP-1 and other GLP-1RAs is likely biologically relevant.  
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1.5.2.2. GLP-1 & Muscle 
 

GLP-1 also directly and indirectly affects skeletal muscle, with expression of GLP-1 receptors in 

skeletal muscle cells being well demonstrated [208]. GLP-1 regulates many functions in muscle 

tissue, including glucose metabolism, insulin sensitivity, and remodeling. GLP-1 is involved in 

AMPK (AMP-activated protein kinase) signaling [209, 210]. The GLP-1/AMPK pathway has been 

shown to prevent glucotoxicity by preventing p47phox translocation in cardiac muscle cells [209]. 

GLP-1 also increases the expression of GLUT4, a glucose transporter expressed in adipose cells, 

and cardiac and skeletal muscle cells. Insulin is required to translocate GLUT4 to the cell 

membrane, allowing glucose uptake in these tissues [211]. However, exercise can also trigger 

GLUT4 translocation through the AMPK pathway.  Circulating GLP-1 increases after exercise 

[212], and cell glucose uptake can be induced through exercise-regulated AMPK pathways [213]. 

 

The impact of GLP-1RA on body composition and muscle is not fully understood. In one study, 

Glp1r-/- mice had no changes in body weight or composition compared to Glp1r+/+ mice when 

fed standard chow [214]. However, when fed a high-fat diet, lean mass was reduced in Glp1r-/- 

female mice compared to functional controls. Female Glp1r-/- mice also gained less weight under 

a high-fat diet than Glp1r+/+, while male mice had the same level of fat accumulation between 

both genotypes. Muscle glycogen levels were also elevated in Glp1r-/- mice. Fasting glucose levels 

were reduced in Glp1r-/- mice compared to Glp1r+/+ mice, suggesting a reduction in insulin 

resistance in muscle tissue, even when fed a high-fat diet[214]. GLP-1RAs interventions have been 

successful in maintaining muscle mass in animal models. Exendin-4 reduced muscle loss in a 

dexamethasone-induced muscle atrophy mouse model by downregulating myostatin expression 



 29 

and upregulating myogenic growth factors [215]. Further investigation into these effects, including 

their impact on tissue during unloading, is warranted.  

 

1.5.2.3. Semaglutide  
 
Semaglutide is a GLP-1RA produced and sold in the US by Novo Nordisk as several different 

medications: Rybelsus (pill, 7mg or 14mg, daily), Ozempic (injected, 1mg, weekly), and Wegovy 

(injected, 2.4mg, weekly). Ozempic and Rybelsus were FDA-approved for T2D treatment in 2017 

and 2019, respectively, and Wegovy was approved as a weight loss treatment in 2021 [216].  

 

Semaglutide has been shown to reduce life-threatening symptoms of T2D. Semaglutide treatments 

reduce blood glucose levels [217], reduce the severity of cardiovascular disease [218-221], kidney 

disease [218, 220, 222, 223], and osteoarthritis [224, 225]. It also reduces patient weight [226-

228]. Wegovy also decreased cardiovascular events such as heart attack and stroke in patients with 

high BMI and preexisting cardiovascular disease[219]. However, cessation of medication can 

cause patients to regain weight and a reversal of health improvements [227].  

 

Semaglutide treatment has multiple side effects in both animal models and humans,  most notably 

gastrointestinal concerns and suspected increases in pancreatitis and cancer[229]. As with other 

GLP-1RA research, these studies have shown conflicting results in animals and humans. However, 

the FDA has still issued warnings based on some of these studies. Ozempic and Wegovy are 

contraindicated in those with a family history of medullary thyroid carcinoma and Multiple 

Endocrine Neoplasia syndrome type 2 because of an increase in thyroid c-cell tumors during rodent 

studies [230-232].  In clinical trials, Wegovy had higher instances of most side effects compared 
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to Ozempic and placebo (Table 1), though the patient population was slightly different; Wegovy 

trials did not require patients to have T2D, where Ozempic did [231, 232]. Gastrointestinal side 

effects could explain reductions in food consumption in both treatment groups. No musculoskeletal 

side effects have been listed on Semaglutide prescription labels other than fetal growth defects.  

Therefore, the investigation of Semaglutide effects on bone and muscle is overdue.  

 
 
 
Table 1.1. Wegovy and Ozempic Clinical Trial Adverse Effects. Modified from WEGOVY and OZEMPIC drug labels. 

 Wegovy Clinical Trial Ozempic Clinical Trial 

 Placebo 
WEGOVY 

(2.4mg) Placebo 
OZEMPIC 

(1mg) 

 n=1,261 n=2,166 n=262 n=261 
 % % % % 

Nausea 16 44 6.1 20.3 
Diarrhea 16 30 1.9 8.8 
Vomiting 6 24 2.3 9.2 
Constipation 11 24 1.5 3.1 
Abdominal Pain 10 20 4.6 5.7 
Headache 10 14 Not Reported Not Reported 
Fatigue 5 11 Not Reported Not Reported 

 
 

 
 

1.6 Summary and Knowledge Gaps 
 

First, bone and muscle morphology and function change throughout the lifespan, but the impact 

of unloading has not been fully characterized across all age groups. Investigation into the 

unloading response of young, middle-aged, and old mice is needed to address the lack of consensus 

observed in current research literature. Secondly, the effects of biological crosstalk between bone 
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and muscle during periods of disuse have not been satisfactorily explored in vivo. Many bone-

muscle crosstalk agents have been identified, but whether they contribute to tissue atrophy during 

disuse because of biological crosstalk instead of a lack of mechanical cues remains to be seen. 

Lastly, pharmaceutical interventions on bone and muscle atrophy during unloading and recovery 

during reloading have not been well explored. This is particularly relevant to populations at risk 

for low bone quantity and quality, such as older patients or those who are undergoing extreme 

weight loss. More information is needed regarding the adverse side effects of medical interventions 

during disuse, which may exacerbate the loss of bone and muscle during unloading. Without this 

knowledge, medications intended to prevent one disease may inadvertently compromise 

musculoskeletal tissue temporarily or permanently. 

 

This dissertation aims to close these research gaps. Chapter 2 will explore bone, muscle, and 

crosstalk-related adaptation to unloading and bone mass maintenance in young, middle-aged, and 

old mice. Chapter 3 will elucidate the effect of the popular weight loss drug Semaglutide on 

musculoskeletal tissue during periods of unloading and reloading. Together, this research will help 

define the roles of age, biological bone-muscle crosstalk, and common pharmaceuticals in 

adaptation to unloading.  
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Chapter 2: Age-Dependent Musculoskeletal Changes During 
Mechanical Unloading with Bisphosphonate Treatment  
 

Abstract 

 

Mechanical unloading (disuse) leads to reductions in bone and muscle mass. Bone and muscle 

health are often studied together in terms of mechanical stimulus, but non-mechanical (biological) 

crosstalk during periods of disuse and how this is affected by bone-preserving pharmaceuticals has 

not been assessed. This study aimed to determine how mechanical unloading and concurrent 

bisphosphonate treatment affect bone and muscle structure and function in young, middle-aged, 

and old mice. We hypothesized that unloading would cause bone loss in all mice, but 

bisphosphonate treatment would prevent this loss. Additionally, we expected to see muscle atrophy 

and weakness with unloading. We hypothesized that these reductions would be partially mitigated 

by bisphosphonate treatment due to decreased release of osteokines, and that this mitigation will 

decrease with age. This study used young (3-mo, n=40), middle-aged (12-mo, n=40), and old (20-

m, n=40) male C57BL/6J mice. Mice received biweekly subcutaneous bisphosphonate injections 

(0.03 mg alendronate/mouse in PBS) or PBS control injections starting one week before unloading. 

Mice underwent hindlimb unloading (HLU) via tail suspension for 14 days. Maximum hindlimb 

force was measured after 14 days of unloading. Femurs were imaged with micro-computed 

tomography (μCT 35, SCANCO Medical AG) with a 6 μm nominal voxel size; cortical bone was 

analyzed at the mid-diaphysis, and trabecular bone was analyzed at the distal femur to determine 

bone microstructural outcomes. Muscle volume and fiber type were analyzed via IHC. Muscle 

myostatin and serum TGF-b1 levels were tested via ELISA. Tendon mechanical properties were 

also investigated. HLU conditions decreased the mass of the Triceps surae muscles regardless of 
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bisphosphonate treatment. Muscle mass was only maintained in the Tibialis anterior of treated 

middle-aged mice during HLU. Old mouse muscle mass decreased after HLU with bisphosphate 

treatment. Limb force production did not correlate with bone or muscle changes. Maximum 

hindlimb force production and respective force to muscle mass ratio differed between all age 

groups. Muscle myostatin concentrations increased with age(p=0.040), bisphosphonate treatment 

(p=0.003), and unloading(p=0.002), as well as due to the interaction of treatment and unloading 

(p=0.0239). Serum levels of TGF-b1 increased with age (p<0.0001) and unloading (p=0.012), as 

well as with interactions between both age and treatment(p=0.006) and age and unloading 

(p=0.013). The main effect of age impacted muscle, tendon, and bone responses to unloading 

and/or bisphosphonate treatment. Bone and muscle adaptation to unloading are different across the 

lifespan, as are the effects of bisphosphonate treatment. Characterizing these changes is essential 

for understanding clinical outcomes related to periods of disuse and clinical bone and muscle 

preserving treatments during bedrest, immobilization, or even spaceflight across different age 

groups.   
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1. Introduction 
Osteoporosis & sarcopenia are debilitating age-related diseases with high morbidity & mortality 

risks that impact millions. Osteoporosis is a degenerative disease characterized by reduced bone 

mass, leading to bone weakness and frailty [233], that impacts millions annually in the United 

States [234]. The incidence of the disease increases with age and is dependent on gender, with 

women being 4 times more likely to develop osteoporosis than men [235]. Osteoporosis is often 

closely associated with sarcopenia, the wasting of skeletal muscle that occurs later in life, with 

both conditions leading to increased frailty, fracture risk, and mortality rates  [236, 237]. Age is 

an essential factor in treatment of bone and muscle due to these conditions.    

 

Preventing bone and muscle atrophy during unloading can reduce the burden to at-risk populations. 

Bone and muscle wasting are accelerated during extended periods of mechanical unloading 

(disuse) [238, 239], especially in situations such as bed rest and spaceflight [240-243]. Mechanical 

loading (i.e., exercise) can theoretically be used to regenerate atrophied tissue through 

mechanotransduction [13]. However, with age, people’s ability to perform weight-bearing exercise 

is diminished, and bone and muscle tissue are less responsive to mechanical stimuli [244]. This is 

important because elderly patients make up a disproportionately large number of hospitalizations, 

and their length of stay for hospitalizations is longer on average than that of younger adults [245, 

246]. Preventing atrophy during unloading periods can benefit multiple at-risk populations, but 

these treatments will most likely vary depending on age. High-performance populations like 

athletes and astronauts could benefit from bone and muscle maintenance to rebound from injury 

or prevent atrophy in microgravity. In contrast, older populations could benefit from avoiding bone 

and muscle loss during bed rest, which could contribute to accelerated onset of osteoporosis or 

sarcopenia.  
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While bone and muscle atrophy are often researched together in the context of exercise or 

unloading due to their force-transmitting interaction, the non-mechanical (e.g. biological) crosstalk 

between these tissues may also be critical but has not been as well characterized. Cytokines are 

proteins excreted from cells that can trigger action in the secretory cell itself, other cells in 

proximity, or distant areas of an organism. These proteins are often categorized by their tissue of 

origin; osteokines originate in bone, while myokines originate in muscle. Biological crosstalk 

between bone and muscle involves cytokines regulating different aspects of bone and muscle 

activity [94, 95]. During disuse, osteoclasts break down existing bone tissue, releasing osteokines 

that can affect muscle. Two of these signaling proteins are transforming growth factor beta (TGF-

β) [100, 101] and Receptor activator of NF-κB ligand (RANKL) [57, 103-108], both of which 

initiate myopathy through their respective pathways. Similarly, the myokine myostatin (GDF-8) 

inhibits new muscle growth, and reduces muscle mass and strength [111-113], but also affects 

bone. Myostatin can regulate osteoblast differentiation, osteoclast development, bone morphology, 

and atrophy in normal and unloaded conditions [94, 95, 97, 112-114]. These cytokines play 

essential functions in both tissue types, and crosstalk can therefore contribute to tissue health, 

especially during periods of unloading. Understanding the transfer of cytokines between bone and 

muscle tissues at different ages during mechanical unloading may help define pathways that 

influence bone and muscle health.  

 

Current treatments for bone atrophy prevent bone remodeling, while research on muscle atrophy 

treatments is focused on promoting muscle tissue growth. Bisphosphonates maintain bone mass 

by interfering with normal osteoclast function and inhibiting bone resorption [117-119]. This 
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treatment is prescribed to populations that need to retain bone mass, such as those who have 

osteoporosis or bone atrophy due to cancer. It is also used in aerospace applications to prevent 

astronaut bone loss during long-duration spaceflight missions [122]. Myostatin inhibitors are being 

studied for clinical applications to systemically inhibit myostatin, a myokine that blocks muscle 

growth[247, 248], from binding to its receptor on muscle cells[249, 250]. While this treatment is 

currently successful in research models such as mice [251, 252], clinical therapies have not been 

successful in combating atrophic diseases such as muscular dystrophy [252]. It is presently 

unknown whether preserving muscle tissue with these treatments affects bone tissue by preventing 

release and binding of myokines, or if bisphosphonate treatments prevent osteokine transfer to, 

and subsequent effects on, muscle function. Differences in cytokine transfer between these tissues 

across the lifespan are also poorly understood. 

 

This study outlines the investigation of bone-muscle crosstalk-related mechanisms that may lead 

to therapeutic strategies to reduce musculoskeletal atrophy during disuse. We hypothesized that 

the release of cytokines during unloading-induced atrophy of bone and muscle tissue contributes 

to atrophy of the other tissue, that preventing the atrophy of one of these tissues during unloading 

will also mitigate the atrophy of the other by inhibiting the release of catabolic cytokines, and that 

this inhibition will diminish with age. The goal of this work is to open new areas of study in 

orthopaedic research that may ultimately inform clinical practice.  

 

This study aims to determine whether maintaining bone volume via alendronate during unloading 

will affect:  

1) bone morphology at different ages;  
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2) muscle volume, composition, and function;  

3) tendon mechanical properties and composition;  

and 4) how these changes will vary across the lifespan.  

 

 

2. Methods 
 

2.1 Hindlimb Unloading  
 
Mice were single-housed and suspended by their tails at approximately 30-degree head-down 

angle so that their hindlimbs could not touch the cage floor [48]. Tail suspension fixtures were 

attached to a swivel and slider on a bar across the top of the cage, allowing them to reach the entire 

cage, with access to food (Chow # 2918, Teklad Global, West Lafayette, Indiana, USA), water, 

and bedding. The vivarium was held at a thermoneutral temperature of 90º F. 

 

2.2 Bisphosphonate Treatment:  
 
Alendronate sodium trihydrate, 97% (Thermo Scientific, Waltham, MA), was administered at a 

dose of 1.0 mg/kg body weight in phosphate-buffered saline (PBS) subcutaneously biweekly [253] 

starting 7 days before the beginning of HLU. PBS was administered to control groups at a dose of 

0.1 mL subcutaneously biweekly starting on day 7 [253].  

 

2.3 Micro-Computed Tomography (µCT) Analysis of Bone Microstructure  
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Femurs were collected and placed in 4% paraformaldehyde on a rocker for 3 days at 4°C. The PFA 

was discarded, and the femurs were stored in 70% EtOH until scanning. Femurs were scanned 

using micro-computed tomography (SCANCO μCT 35, Brüttisellen, Switzerland) with a 6 μm 

nominal voxel size. Trabecular bone was analyzed in the distal femoral metaphysis, and cortical 

bone was examined at the femoral diaphysis. 

 

2.4 Muscle Contractile Force Measurements 
 
Mice were anesthetized prior to euthanasia, and maximum muscle contractile force was measured 

via electrical stimulation of the tibialis anterior and gastrocnemius via a 305C‐LR dual-mode 

muscle lever and footplate system [254]. After euthanasia, the tibialis anterior, triceps surae 

(gastrocnemius, plantaris, and soleus muscles) were removed and weighed.  

 

2.5 Muscle Fiber Type Analysis  
 
The triceps surae were pinned to cork at fixed length, and flash-frozen in LN2-cooled isopentane 

(2-methylbutane) before being stored at -80°C [255]. They were then sectioned into 8-micron 

sections via cryotome and stored at -20°C. Immunohistology (IHC) staining was performed to 

differentiate between Type I, IIa, and IIb fiber types. Briefly: Tissue sections were blocked with 

MOM and NGS in PBST. The following Sant Cruz Biotechnology (Santa Cruz, CA, USA) 

antibodies were used: IgG2B (blue, 350λ, type I), IgG1 (red, 555λ, type IIa), IgM (green, 488λ, 

type IIb), and RB 647λ (laminin). Changes in muscle fiber size and type were quantified using 

immunohistochemistry and analyzed using SMASH software [256]. 
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2.6 Myostatin (GDF-8) and TGF-b1 Analysis 
  
Immediately before euthanasia, mice were anesthetized, and 0.5-1 ml of blood was collected via 

cardiac puncture. Tibialis anterior and triceps surae muscles were collected and flash-frozen after 

dissection. Tissues were powdered and used to create supernatant samples. Muscle supernatant 

samples were analyzed via enzyme linked immunosorbent assay (ELISA) for myostatin (GDF-8) 

following the manufacturer’s guidelines: Myostatin ELISA on Muscle supernatant 

(GDF8/Myostatin Quantikine ELISA kit, Cat #DGDF80, R&D Systems, Minneapolis, MN, USA) 

Serum samples were also analyzed via ELISA for circulating TGF-β following the manufacturer’s 

guidelines: (Human/Mouse/Rat/Porcine/Canine TGF-β1 Quantikine ELISA kit, Cat #DB100C, 

R&D Systems, Minneapolis, MN, USA) 

 

2.7 Tendon Mechanical Properties  
 
Tendons were removed during dissection, and the mechanical and material properties (load-

deformation and stress-strain curves, maximal tensile load) were quantified using a custom tensile 

testing apparatus as previously described [257, 258]. Briefly: The Width and thickness of each 

tendon were determined with spectral-domain optical coherence tomography (OCT) using an OQ 

Labscope (Lumedica, Durham, NC). Cross-sectional area was calculated by measuring the width 

and thickness at the narrowest point and assuming the tendons have a rectangular shape. Tendons 

were stretched to failure using a Model 68SC-1 single-column tensile tester with a BioPuls Body 

Temperature Bath and BioPuls Submersible Pneumatic Side Action Grips (Instron, Norwood, 

MA) with a 100-Newton (N) load cell. During testing, tissues were submerged in 0.9% saline at 

37°C. Grip tension was held at 80 lb./in2 (56245.57 kg/m2). The mechanical testing protocol 
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included 10 preconditioning cycles (0.10-0.25 N) at a rate of 0.25 mm/s before loading to failure 

at a constant rate of 0.25 mm/s until the force dropped 80% from the maximum. 

 

 

2.8 Statistical Analysis  
 
Statistical analysis was performed with a 3-way analysis of variance (ANOVA) stratified by age 

(3, 12, or 20 months old), treatment (saline or bisphosphonate), and loading condition (loaded or 

unloaded). Post hoc analysis was performed using Tukey’s Honest Significant Difference (HSD) 

test. All statistical tests were performed using Prism 10.4.1 for Mac (Graphpad Software, San 

Diego, CA). Statistically significant differences were identified at p<0.05; some non-significant 

trends were noted at p ≤0.10. 
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3. Results 
 
Age impacts skeletal response to unloading and bisphosphonate treatment. 
 

Bone mass maintenance during hindlimb unloading (HLU) was facilitated by alendronate 

treatment, which we have previously shown can maintain bone during unloading in young and old 

mice [259]. MicroCT analysis of cortical and trabecular bone of the femur demonstrates changes 

in skeletal response to unloading and alendronate treatment. Unloading (HLU) reduced bone 

morphology in 3-month-old mice groups, but not in 12-month-old mice. 20-month-old mice 

exhibited a reduced response to HLU.  The selected alendronate dose successfully maintained bone 

volume lost during HLU in young animals and increased bone in middle-aged and old groups 

during HLU (Figs. 1 & 2). Several bone microarchitecture factors changed across the lifespan, 

including reduced metaphyseal bone volume, bone volume fraction (BV/TV), and trabecular 

number (TB.N). Cortical bone volume fraction (BA/TA) also decreased. Trabecular thickness 

(Tb.Th) and trabecular separation (Tb.Sp) increased with age (Fig. 2.1B, 2.2B). Age altered the 

effect of HLU and alendronate treatment in trabecular bone, but not cortical bone (Fig.2. 2 B-D).  
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3.1 MicroCT Analysis  

 

Figure 2.1.  µCT analysis of cortical bone at the femoral mid-diaphysis during hindlimb unloading (HLU) and bisphosphonate 
(alendronate) treatment (+B) in 3-,12-, and 20-month-old mice. Cortical bone microarchitecture: A) bone area (BA); B) bone 
volume fraction (BA/TA); C) cortical thickness (Ct.Th). Significance values of 3-way ANOVA with Tukey’s post-hoc analysis: * p-
value < 0.05, ** p-value <0.01, *** p-value < 0.001, **** p-value < 0.0001.  
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Figure 2.2. µCT analysis of trabecular bone af the distal femoral metaphysis during hindlimb unloading (HLU) and bisphosphonate 
(alendronate) treatment (+B) in 3-,12-, and 20-month-old mice. Trabecular bone microarchitecture: A) bone volume (BV); B) bone 
volume fraction (BV/TV); C) trabecular number (Tb.N); D) trabecular thickness (Tb.Th); E) Trabecular Separation (Tb.Sp). 
Significance values of 3-way ANOVA with Tukey’s post-hoc analysis: * p-value < 0.05, ** p-value <0.01, *** p-value < 0.001, 
**** p-value < 0.0001. 
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Table 2.1. Bone Microstructure Values: Means & St.Devs 

   3 months  12 months  20 months 

   mean stdev  mean stdev  mean stdev 

Metaphysis BV CONTROL 0.456933 0.068006  0.272578 0.059133  0.1797 0.051758 

   +B 0.524645 0.097382  0.396813 0.084937  0.233657 0.098818 

  HLU 0.297367 0.027676  0.220722 0.06085  0.11934 0.061537 

  HLU+B 0.45402 0.067735  0.301011 0.062096  0.228078 0.122553 

     
 

  
 

  

 BV/TV CONTROL 0.130067 0.019929  0.070344 0.015243  0.048373 0.012741 

   +B 0.1573 0.028736  0.100913 0.017511  0.060007 0.020837 

  HLU 0.08688 0.008323  0.057611 0.012979  0.03213 0.015452 

  HLU+B 0.12586 0.022386  0.082722 0.009748  0.059022 0.030027 

     
 

  
 

  

 Tb.N CONTROL 5.447233 0.804305  3.045933 0.380816  2.69497 0.166052 

   +B 5.561091 0.854983  3.290725 0.28058  2.524908 0.294958 

  HLU 4.933144 0.701028  2.992389 0.343322  2.450367 0.360867 

  HLU+B 5.37028 0.779875  3.276767 0.309264  2.613888 0.458979 

     
 

  
 

  

 Tb.Th CONTROL 0.03365 0.0018  0.036489 0.005002  0.037264 0.004093 

   +B 0.036482 0.004008  0.044113 0.003304  0.04695 0.006411 

  HLU 0.026967 0.001797  0.031833 0.005045  0.02958 0.002121 

  HLU+B 0.03154 0.003461  0.039356 0.005781  0.038056 0.00571 

     
 

  
 

  

 Tb.Sp CONTROL 0.172817 0.011325  0.314844 0.021447  0.366827 0.052651 

   +B 0.1656 0.010801  0.293663 0.012576  0.39695 0.049949 

  HLU 0.189589 0.00528  0.325789 0.034149  0.4113 0.064154 

  HLU+B 0.1735 0.008766  0.293222 0.017122  0.389133 0.06759 

     
 

  
 

  
Diaphysis BV CONTROL 0.840545 0.061475  0.854929 0.032636  0.859379 0.057415 

   +B 0.733976 0.040884  0.832347 0.079463  0.82152 0.074586 

  HLU 0.836839 0.101433  0.962279 0.045663  0.906209 0.108222 

  HLU+B 0.85239 0.089987  0.958973 0.057044  0.870654 0.08484 

     
 

  
 

  

 BV/TV CONTROL 0.427206 0.015275  0.351071 0.022543  0.343604 0.018927 

   +B 0.439104 0.020695  0.383353 0.012015  0.363154 0.037892 

  HLU 0.388119 0.019269  0.341947 0.02478  0.326241 0.017753 

  HLU+B 0.432425 0.03408  0.382362 0.021141  0.36134 0.034237 

     
 

  
 

  

 Ct.Th CONTROL 0.164583 0.008436  0.151889 0.009226  0.153545 0.009202 

   +B 0.169 0.013015  0.171875 0.004673  0.155214 0.034154 

  HLU 0.150111 0.006112  0.146667 0.012894  0.1441 0.008491 

  HLU+B 0.1702 0.014876  0.168667 0.0085  0.154 0.030566 
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3.2 Muscle Analysis  
 
Bone response to alendronate treatment does not result in muscle mass maintenance.  
 

Alendronate was administered to mice undergoing hindlimb unloading (HLU) to determine 

whether bone maintenance impacts muscle mass maintenance possibly by bone-muscle crosstalk 

through cytokines. Body weight, muscle mass, and hindlimb force production were compared to 

assess muscle atrophy in response to unloading and treatment. Body weight was reduced in HLU 

animals with and without alendronate treatment compared to controls (Fig. 2.3A). Muscle atrophy 

of the Triceps surae and Tibialis anterior muscles was apparent in all age groups (Fig. 2.3C & E). 

12-month-old mice were the only age group that demonstrated no changes in the weight of tibialis 

anterior muscles between loaded controls and HLU groups. Maximum hindlimb force production 

was normalized to body weight, Triceps surae weight, and tibialis anterior weight to investigate 

possible changes in muscle function. 20-month-old mice had increased normalized force 

production after HLU with and without treatment, while 3-month and 12-month mice 

demonstrated no noticeable changes (Fig. 2.3C, D, F). To explain changes in force production 

across the lifespan, immunohistochemistry was performed to quantify type I, IIa, and IIx fibers in 

gastrocnemius and soleus muscles.  

 

Age, HLU, and bisphosphonate treatment modified the average fiber type sizes in the soleus and 
gastrocnemius muscles.  
 

Age reduced the percentage of type I fibers in the soleus muscle (Fig. 2.4). However, soleus type 

I fiber size (cross-sectional area, CSA) increased with bisphosphonate treatment (p<0.0001) and 

decreased with unloading (p=0.005). Age impacted the response to bisphosphonate treatment 
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(p=0.027), with 12-month-old mice being less affected by these changes than 3-month-old and 20-

month-old mice. Conversely, type I fibers in the gastrocnemius were reduced by bisphosphonate 

treatment (p=0.035) and unloading (p=0.002). Gastrocnemius type IIa fibers were also impacted 

by age (p=0.016) and unloading (p<0.0001), but not by bisphosphonate treatment. 3- and 20-

month-old mice had significantly reduced gastrocnemius type IIa CSA between control mice and 

HLU bisphosphonate-treated mice. 
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Figure 2.3. Mass and force production of triceps surae and tibialis anterior muscles during hindlimb unloading (HLU) and 
bisphosphonate (alendronate) treatment (+B) in 3-,12-, and 20-month-old mice. A) mouse body weight; B) max force normalized 
to body weight; C triceps surae mass; D) muscle max force normalized to triceps surae mass; E) Tibialis anterior mass; F) muscle 
max force normalized to tibialis anterior mass. Significance values of 3-way ANOVA with Tukey’s post-hoc analysis: * p-value < 
0.05, ** p-value <0.01, *** p-value < 0.001, **** p-value < 0.0001. 
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Table 2.2. Muscle Means and St.Devs 

   3 months  12 months  20 months 

      mean stdev  mean stdev  mean stdev 

Weights Body weight CONTROL 28.6273 2.0567  36.5667 2.4182  32.9800 1.5865 

   +B 28.2455 1.8124  39.4875 3.2804  33.5700 1.9488 

  HLU 25.2667 1.1272  32.4200 1.8833  31.6000 2.5456 

  HLU+B 24.5100 1.4587  31.1167 1.9041  29.3000 2.1902 

                     

 TS weight CONTROL 171.1455 14.1262  192.9444 8.7045  174.5182 13.2665 

   +B 170.8364 10.4474  201.7000 14.3212  171.4643 11.5765 

  HLU 138.0333 7.1469  170.6200 9.7968  143.9500 5.5806 

  HLU+B 139.1100 5.3524  167.8167 8.9123  135.6500 8.3022 

                     

 TS:body (%) CONTROL 5.9464 0.4637  5.2430 0.4046  5.3437 0.4150 

   +B 5.9652 0.5538  5.1629 0.4616  5.0613 0.2377 

  HLU 5.3615 0.3411  5.1882 0.5255  5.0067 N/A 

  HLU+B 5.6534 0.3878  5.2273 0.5588  4.7046 0.2820 

                     

 TA CONTROL 52.7091 3.5130  55.0111 5.7093  56.7000 6.2814 

   +B 50.3364 5.8138  58.1500 5.3506  53.7500 3.5751 

  HLU 45.9000 3.4514  50.8800 6.6556  49.3000 4.9028 

  HLU+B 45.3800 3.0767  54.0500 3.3969  44.1500 4.3270 

                     

 TA:body (%) CONTROL 1.8434 0.0772  1.5116 0.2052  1.6698 0.1802 

   +B 1.7881 0.2282  1.4760 0.1255  1.5862 0.0855 

  HLU 1.8197 0.1578  1.5714 0.2038  1.6269 0.2429 

  HLU+B 1.8557 0.1469  1.7404 0.1198  1.5091 0.1286 

                     
Hindlimb 
Force  CONTROL 2.6584 0.7035  2.4375 0.7590  1.4350 0.1615 

   +B 2.9038 1.0001  2.5141 0.6350  2.4527 0.8814 

  HLU 3.0004 1.0724  2.8005 0.3822  2.4676 #DIV/0! 

  HLU+B 3.2107 1.1553  2.1633 0.7356  2.5121 0.6175 

                     

 
Max 
force:TS CONTROL 0.4630 0.1352  0.4714 0.1225  0.2665 0.0380 

   +B 0.4978 0.1748  0.5067 0.0932  0.4615 0.1799 

  HLU 0.5854 0.1924  0.4762 0.0714  0.6047 0.1340 

  HLU+B 0.5710 0.1977  0.4035 0.1437  0.5515 0.1397 

                     

 
Max force: 
TA CONTROL 1.4869 0.3724  1.6839 0.5232  32.5590 77.6691 

   +B 1.7476 0.7947  1.7673 0.3676  51.0528 81.6155 

  HLU 1.7906 0.6678  1.6327 0.4067  1.7824 0.3809 

  HLU+B 1.7608 0.6393  1.2479 0.4403  1.6995 0.4485 
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Figure 2.4. Muscle fiber types and sizes during hindlimb unloading (HLU) and bisphosphonate (alendronate) treatment (+B) in 3-
,12-, and 20-month-old mice. Muscle fiber type and cross-sectional area (CSA): A-B) soleus type I; C-D) gastrocnemius type I; E-
F) gastrocnemius type IIa. Significance values of 3-way ANOVA with Tukey’s post-hoc analysis: * p-value < 0.05, ** p-value 
<0.01, *** p-value < 0.001, **** p-value < 0.0001. 
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3.3 ELISA Analysis 
 
The explored cytokines are not wholly responsible for the muscle response to mechanical 
unloading. 
 
Bone-muscle crosstalk has been suggested as a driver of bone and muscle health. Circulating 

concentrations of TGF-β1 and muscle concentrations of myostatin were quantified via Enzyme-

Linked Immunosorbent Assay (ELISA) to explore the connection between these tissues. Myostatin 

concentrations of the Triceps surae increased with alendronate treatment in 3-month-old unloaded 

mice (HLU vs HLU+B) but not within other age groups (Fig. 2.5). However, overall, unloading, 

alendronate treatment, and the interaction of unloading and treatment increased myostatin 

concentrations.  20-month-old mice had lower concentrations of myostatin than 12-month-old 

mice. Age exhibited no interaction effects with HLU or alendronate treatment. Serum TGF-β1 

concentrations increased with age and unloading, though unloading results from old mice may 

skew this relationship (Fig. 2.6). Only 20-month-old mice exhibited within-groups changes due to 

unloading and alendronate treatment. HLU increased TGF-β1 concentrations in this age group, 

and alendronate treatment reduced the concentration. Age interacted with both HLU and 

alendronate treatment to increase circulating TGF-β1 concentrations.  
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3.3.1 Muscle Myostatin  
 

 
 

Figure 2.5. ELISA analysis of triceps surae myostatin concentration during hindlimb unloading (HLU) and bisphosphonate 
(alendronate) treatment (+B) in 3-,12-, and 20-month-old mice. Significance values of 3-way ANOVA with Tukey’s post-hoc 
analysis: * p-value < 0.05, ** p-value <0.01, *** p-value < 0.001, **** p-value < 0.0001. 
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3.3.2 TGF-b in Serum 
 

 
 

Figure 2.6. ELISA analysis of serum  TGF-β1 concentration during hindlimb unloading (HLU) and bisphosphonate (alendronate) 
treatment (+B) in 3-,12-, and 20-month-old mice. Significance values of 3-way ANOVA with Tukey’s post-hoc analysis: * p-value 
< 0.05, ** p-value <0.01, *** p-value < 0.001, **** p-value < 0.0001. 

 

 

CTR

CTR + 
B

HLU

HLU + 
B

CTR

CTR + 
B

HLU

HLU + 
B

CTR

CTR + 
B

HLU

HLU + 
B

0

100000

200000

300000

400000

pg
/m

L

Serum TGF-beta1

3-MONTH 20-MONTH12-MONTH

✱✱

✱✱✱✱

✱

Source of Variation
Age
(Loaded vs Unloaded)
(Saline vs Bisphosphonate)
Age x (Loaded vs Unloaded)
Age x (Saline vs Bisphosphonate)
(Loaded vs Unloaded) x (Saline vs Bisphosphonate)
Age x (Loaded vs Unloaded) x (Saline vs Bisphosphonate)

% of total variation
42.33
2.946
0.01441
4.055
4.736
0.9727
0.2061

P value
<0.0001
0.0116
0.8577
0.0128
0.0064
0.1427
0.7940

P value summary
****
*
ns
*
**
ns
ns



 53 

 
3.4 Tendon Analysis  
 
Tendon mechanical responses to unloading are most pronounced in older mice. 
Achilles tendons were mechanically tested to determine mechanical adaptations to unloading and 

alendronate treatment. Force at MTL was increased in 12-month-old mice undergoing alendronate 

treatment in both loaded and unloaded conditions (Fig. 2.7A). Achilles tendons of 20-month-old 

mice had higher Young’s Modulus with alendronate treatment during HLU compared to control 

loaded and control HLU animals (Fig. 2.7B). Similarly, tensile stress at failure was reduced by 

alendronate treatment during HLU (Fig. 2.7C). Age and the interactions of Age and alendronate 

treatment significantly impacted these tendon mechanical properties.  
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Figure 2.7. Mechanical testing of Achilles tendon after hindlimb unloading (HLU) and bisphosphonate (alendronate) treatment 
(+B) in 3-,12-, and 20-month-old mice. Achilles tendon mechanical properties: A) force at maximal tensile load; B) Young’s 
Modulus; C) tensile stress at ultimate tensile strength. Significance values of 3-way ANOVA with Tukey’s post-hoc analysis: * p-
value < 0.05, ** p-value <0.01, *** p-value < 0.001, **** p-value < 0.0001. 
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4. Discussion 
 
In this study, we investigated differences in bone, muscle, and tendon responses to mechanical 

unloading with bisphosphonate use in young, middle-aged, and old mice. In contrast to our 

hypothesis, muscle mass was not maintained with the use of bisphosphonates as a bone mass-

maintenance treatment. We did, however, observe changes in musculoskeletal adaptation across 

the lifespan and in important crosstalk-related cytokine concentrations.  

 

Bone 
Our results were partially consistent with our previous studies of systemic bone loss following 

hindlimb unloading in male mice [260]. The trabecular bone loss in young and old mice was 

consistent, with estimated reductions in metaphyseal trabecular bone between 30 and 45%. We 

noted a decrease in trabecular BV/TV between control and unloaded mice in young (-33.2%) and 

old (-33.6%), though the loss was not statistically significant in old animals. However, middle-

aged mice had a less pronounced reduction in BV/TV than expected (-18.1%). We observed less 

loss of cortical bone (BV/TV) than previously observed (10-15%)[260], with a further reduction 

in decrease for middle-aged mice (young: -9.1%, middle-aged: -2.6%, old: -5.1%). We noted 

similar changes to cortical thickness (young: -8.9%, middle-aged: -3.4 %, old: -6.2%).  The 

differences between bone loss in middle-aged and young and old mice demonstrate an interesting 

resistance to unloading in middle-aged and older animals compared to their young counterparts. 

This is consistent with rat models, where older animals also demonstrate reduced response to 

unloading (e.g., nonsignificant loss) in trabecular bone during unloading compared to young 

animals[244, 261].  This underscores the importance of utilizing different age groups in unloading 

research with future clinical applications in mind.  
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Muscle 
Whole body weight loss during HLU was consistent with the literature of young and old mice 

[262] (young: -14.4%, middle-aged: -14.9%, old: -11.2%). However, our young and old mice 

lost significantly more triceps surae muscle mass than reported by other researchers (10.6% 

gastric and soleus, [262] young: -19.3%, middle-aged: -11.6%, old: -17.5%). Loss of tibialis 

anterior mass was more consistent with (young: -12.9%, middle-aged: -7.5%, old: -13.1%). 

 

Muscle force production was significantly lower than observed in the literature, but activation 

methods differed (tibial nerve excitation [262] vs gastrocnemius excitation). Our contractile force 

measurements demonstrated a loss of muscle force production of plantar flexor muscles in young 

mice, but no change in middle-aged mice and an increase in force production in old mice (young: 

-26.4%, middle-aged: +1%, old: +26.9%). However, several cohorts of our mice could not be 

tested due to equipment availability, so these old mice results are incomplete, as only an n=2 is 

available for the old HLU mice group. The percentage of soleus Type I fibers decreased with age, 

but the size of fibers increased. In the gastrocnemius, type I and type IIa fibers were reduced with 

age and unloading but not with alendronate treatment. This reduction in fiber type size does not 

explain the increase in muscle force production in the triceps surae in older mice. An additional 

mechanism must be at play, such as increased specific force or an increase in type IIb fibers.  

 

Bone-Muscle Crosstalk: Myostatin 
Myostatin concentrations did not support that bone mass maintenance influences muscle volume. 

In young mice, myostatin concentrations increased with alendronate treatment during unloading, 

indicating increased muscle resorption during bone mass maintenance. No changes in myostatin 

concentration with unloading or treatment were apparent in middle-aged or old animals except for 
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a trend with alendronate treatment in older animals undergoing unloading (Fig. 2.6). However, the 

interaction of age, loading, and alendronate treatment were all visible, as well as the interactions 

of with unloading and alendronate treatment. The reduction of myostatin across the lifespan is 

consistent with the literature[263]. However, we did not see a decrease in muscle mass, and our 

results are based on the muscle unit used for analysis, not serum concentration, so the claim that a 

reduction of muscle causes a loss of circulating myostatin does not directly apply to this 

observation.  

 

Bone-Muscle Crosstalk: TGF-β1 
Observed TGF-β1 bone-muscle crosstalk was age-dependent. Our study does not support the 

implication that increased circulating TGF-β1 concentration caused by bone resorption impacts 

muscle growth in young and middle-aged mice. While unloading was implicated as an important 

main effect in increased circulating TGF-β1 concentrations (Fig. 2.6), alendronate treatment did 

not reduce circulating TGF-β1 in these age groups. However, a possible connection was found in 

older mice, where hindlimb unloading increased circulating TGF-β, and alendronate treatment 

significantly reduced it. These results corroborate the main effects identified by ANOVA. Muscle 

atrophy did not align with the levels of circulating TGF-β1. These results do not support the current 

consensus in the literature that TGF-β1 is an important bone-to-muscle crosstalk agent [94, 101, 

264, 265]. It is possible that TGF-β1 release from bone plays a role in muscle atrophy, with the 

greatest effect seen in old animals.  

 

Future Investigations  

Several other cytokines and forms of bone-mass maintenance could be investigated. RANKL, 

osteocalcin, BAIBA, and IL6, 7, and 15 all have the potential to modulate atrophy in bone and 
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muscle tissue[94, 95, 102, 105, 107, 109, 110, 131, 266, 267]. Additionally, alendronate treatment 

could mask normal crosstalk channels due to the reported effects on muscle[268] . Alendronate 

may upregulate SIRT3 expression in muscle, which can also inhibit myostatin production, leading 

to muscle mass maintenance [269]. Whether myostatin inhibition influences bone-muscle 

crosstalk should also be determined. However, we found that alendronate increases muscle 

myostatin concentration overall while decreasing muscle fiber size in the gastrocnemius. There 

was an increase in type I muscle fiber size in the soleus with treatment, so the selective impact of 

this treatment could also be investigated. 

 

5. Conclusion 
This study used young, middle-aged, and old mice treated with alendronate to identify key 

differences in musculoskeletal adaptation to unloading across the lifespan. Notably, we identified 

that alendronate treatment contributes to reduced body and muscle mass across the lifespan. The 

potential crosstalk osteokine TGF-β was an effective indicator of bone loss in old animals, but 

not young or middle-aged animals. Further, TGF-β did not correlate with muscle loss caused by 

alendronate treatment.  
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Chapter 3: Semaglutide Treatment During Mechanical Unloading & 
Reloading 
 

Abstract  

 
Semaglutide, A GLP-1 receptor agonist, is being prescribed to a growing number of patients for the 

treatment of type 2 diabetes and for weight loss. This weight loss may also result in bone and muscle loss 

due to reduced load bearing and insufficient nutrition. Periods of mechanical unloading (disuse) also lead 

to bone and muscle tissue atrophy, but it is unclear if unloading and Semaglutide treatment have a 

synergistic effect that would exacerbate bone and muscle loss. We hypothesized that Semaglutide would 

exacerbate the loss of bone and muscle mass with unloading due to confounding factors of weight loss and 

disuse. We also hypothesized that Semaglutide would diminish bone and muscle recovery during reloading. 

Female C57BL/6J mice (14 weeks, n=40) were surgically implanted with Alzet osmotic pumps 14 days 

prior to unloading. The pumps delivered either Semaglutide in 0.9% saline at a rate of 10mg/kg/day (n=20) 

or 0.9% saline (n=20). All mice were unloaded for 14 days via a single-limb cast on their left hindlimb. 

After 14 days, n=20 mice were euthanized (n=10 vehicle and n=10 Semaglutide), and the remaining mice 

had their casts removed and were reloaded via regular cage activity for 14 days. Body composition and 

femur bone mineral content were measured weekly via dual x-ray absorptiometry (DEXA). Mice were fed 

standard chow, and their food intake and body weight were monitored biweekly. After euthanasia, 

gastrocnemius and Soleus muscles were dissected out and weighed. Femurs were imaged with micro-

computed tomography (μCT 35, SCANCO Medical AG) with a 6 μm nominal voxel size; cortical bone was 

analyzed at the mid-diaphysis, and trabecular bone was examined at the distal femur to determine bone 

microstructural outcomes. Serum samples were analyzed via ELISA for circulating bone formation marker 

PINP and bone resorption marker CTX-1 concentrations. Bulk RNAseq was performed on the unloaded 

legs’ proximal tibias and soleus muscles to identify differentially expressed genes. Gene Ontology analysis 

was conducted on significantly differentially expressed genes to identify biological pathways being altered 
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by Semaglutide treatment. 14 days of unloading did not cause different magnitudes of bone loss between 

treatment groups. Serum CTX-1 concentrations were significantly increased in Semaglutide-treated 

animals (but not vehicle-treated animals) after 14 days of unloading. Serum PINP concentrations were not 

modified in either group. During unloading, Semaglutide-treated mice lost significantly more leg muscle 

mass in their unloaded leg (gastrocnemius, plantaris, soleus) compared to their loaded leg. Comparatively, 

vehicle-treated mice only lost significant mass from the gastrocnemius. Semaglutide-treated mice did not 

lose weight or reduce chow consumption compared to the vehicle-treated groups. Therefore, muscle and 

bone loss cannot be attributed to weight loss-related factors. Differentially expressed genes in the tibia 

include downregulation of Zbtb16, a gene that counteracts osteoporosis. Gene Ontology analysis identified 

several key biological pathways that Semaglutide treatment affects, including bone and skeletal system 

development. Understanding the impact of this medication on musculoskeletal tissue will help clarify the 

treatment of patients who require periods of unloading while using Ozempic, Wegovy, and other GLP-1 

receptor agonists to prevent adverse side effects and secondary morbidity of these medications.  
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1. Introduction 
 

Semaglutide, initially prescribed as the effective type 2 diabetes mellitus (T2D) medication 

Ozempic®, has become popular due to its prominent weight loss effects. Branded as Wegovy® for 

weight loss, Semaglutide and other glucagon-like peptide-1 receptor agonists (GLP-1RAs) work 

by increasing insulin secretion, slowing gastric emptying, and reducing cravings. These 

medications have also been reported to directly and indirectly (e.g., through weight loss) reduce 

the severity of cardiovascular disease [218-221, 270], kidney disease [218, 220, 222, 223], 

osteoarthritis [224, 225, 271], and even substance abuse [272-274]. Impacts on musculoskeletal 

tissues have also been investigated, though clinical implications are less conclusive than in vitro 

and in vivo murine study results [206, 207, 275-278].  

 

GLP-1RAs have been shown to have direct and indirect effects on bone and muscle. Clinical 

studies have shown both positive and negative impacts of GLP-1RA usage. GLP-1 is secreted from 

endothelial L-cells of the intestine during digestion to modulate blood glucose levels[279] through 

the GLP-1 receptor, which is active on several musculoskeletal cell types. Unlike GLP-1, which 

has a half-life of 1-7 minutes[156], these analogs can remain active for up to 168 hours (1 week) 

due to their designed resistance to the enzyme dipeptidyl‐peptidase IV (DPP-4), which breaks 

down excess GLP-1[156, 157]. Semaglutide has the highest half-life, with other well-studied 

examples, such as liraglutide and exendin-4, having half-lives of only 13 hours and 2.4 hours, 

respectively[157]. The exponential increase of biological availability compared to GLP-1 and 

other GLP-1RAs is likely biologically relevant. For example, a clinical trial of liraglutide used 

with associated weight loss prevented bone mineral content loss and increased bone formation 
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markers[206]. However, other studies have suggested that Semaglutide treatment increases bone 

resorption markers in patients at risk of fracture [207].  

 

In human patients, decoupling the direct effects of Semaglutide treatment from the secondary 

weight loss-related effects on musculoskeletal tissue is difficult. While GLP-1s may positively 

impact bone growth, rapid weight loss causes a reduction in bone quality and quantity[173, 280-

283], especially in older adults [281-283]. The loss of even 5-10% of body mass results in 

substantial bone loss [171, 172]. Higher weight protects against osteoporosis and fractures due to 

higher bone mineral density (BMD) and bone mineral content (BMC)[284, 285]. Additionally, 

muscle volume and strength can be reduced due to weight loss[286-288]. Given that Ozempic was 

FDA-approved for T2D treatment in 2017 and Wegovy was approved for weight loss treatment in 

2021, the long-term impacts of Semaglutide-induced weight, bone, and muscle loss are yet to be 

discovered.  

 

Periods of unloading, such as during bed rest or immobilization, also leads to muscle and bone 

loss through reductions in mechanical stimuli [238, 239]. Preventing this loss in at-risk 

populations, such as patients with T2D, older adults, or those undergoing rapid weight loss due to 

GLP-1RA usage, could be of extreme clinical importance. However, the interaction between 

Semaglutide and clinically relevant periods of unloading has not yet been addressed. This study 

aims to identify additive effects of Semaglutide treatment and related weight loss on bone and 

muscle atrophy and recovery during periods of mechanical unloading and subsequent reloading. 

We hypothesize that unloading will cause increased bone and muscle loss in animals treated with 

Semaglutide. Additionally, we hypothesize that this treatment will negatively affect bone and 
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muscle recovery during subsequent reloading due to weight loss. The study aims to determine the 

effects of unloading and Semaglutide on: 

1) bone,  muscle, and tendon morphology and mechanics; 

2) whole body composition and bone mineral density (BMD); 

and 3) bone and muscle gene expression. 

 

2. Methods 
 

2.1 Animals & experimental design:  
 
Female mice (C57BL/6J, n=40) were purchased from Jackson Laboratory (Sacramento, CA). Mice 

were obtained at 14 weeks of age and allowed to acclimate to the vivarium for 14 days before 

surgery. Alzet pumps were surgically inserted, and the mice were given 14 days post-operative to 

recover. Mice were randomly assigned to one of four groups (n=10 per group): Unloaded Control, 

Unloaded Treated, Reloaded Control, Reloaded Treated. Treatment groups (2, n=20) received 

Semaglutide, while control groups (2, n=20) received a vehicle solution. Next, mice were unloaded 

via single hindlimb casting for 14 days. After 14 days of unlaoding, the Unloaded condition mice 

(UL, n=20) were euthanized, and the remaining Reloaded condition mice (RL, n=20) were 

unloaded by removal of the cast. RL mice resumed normal cage movement for 14 days, after which 

they were euthanized. Standard chow was available ad libitum (chow # 2918, Teklad Global, West 

Lafayette, Indiana, USA), All animals were maintained and used in accordance with National 

Institutes of Health guidelines on the care and use of laboratory animals. All procedures were 

approved by the UC Davis Institutional Animal Care and Use Committee. 
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2.2 Semaglutide Treatment 
 
Alzet osmotic pumps (Model 2006, ALZET, Cupertino, CA, US) were loaded with Semaglutide 

(CAS:910463-68-2, Adipogen Life Sciences, San Diego, CA, US) in a vehicle (5% AcOH in 0.9% 

Sterile Saline Solution, USP (VetOne, Paris, France)). Treated mice were dosed with 10 

nmol/kg/day of Semaglutide in the vehicle solution. Control mouse pumps contained only the 

vehicle solution. Pumps were surgically inserted subcutaneously, per manufacturer instructions,  

under aseptic conditions . Briefly, animals were anesthetized, and the fur was removed from their 

backs. An incision in the skin was made near the lumbar spine, and a sterile surgical tool was used 

to elongate the subcutaneous space to accommodate the pump. The pumps were then inserted, and 

the incision site was sutured closed. 3-days of post-op care was administered, including twice daily 

buprenorphine injections and wound site and condition monitoring. Any remaining sutures were 

removed 7 days post-operatively.    

 

2.3 Casting 
 
Fourteen days after Alzet pump insertion, mice had a cast placed on their left hind limb as 

previously described[289]. Briefly, the hindlimb was shaved and loosely taped with medical tape 

to restrict knee and ankle joint movement without restricting blood flow. A 1.5 mL Eppendorf tube 

was applied over the leg and secured with additional medical tape. The tube was modified by 

removing the cap and cutting a large hole in the conical section to ensure proper airflow. Casts 

were monitored daily to ensure fit and reapplied as necessary.  
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2.4 Muscle and Body Mass 
 
Mouse body weights and average chow consumption per cage were measured biweekly. Mice were 

cohoused with 3 or 4 animals per cage. Chow consumption was then averaged among animals in 

each cage for analysis. Therefore, mouse treatment groups were separated during housing. After 

euthanasia, gastrocnemius, plantaris, soleus, and tibialis anterior muscles were dissected and 

weighed before being flash-frozen and stored at -80°C.  

 

 

2.5 Dual-energy X-ray absorptiometry (DEXA) 
Mice were scanned weekly to track body composition, BMD, and BMC longitudinally. Mice were 

anesthetized and scanned at 40kV/1000uA on a Kubtec PARAMETERTM 3-D Cabinet X-ray 

System (Kubtec Scientific, Stratford, CT, US). BMD and BMC data were collected for femur 

midshafts and lumbar spine. Whole body composition (lean tissue percentage and fatty tissue 

percentage) was also collected.  

 

 

2.6 Micro-Computed Tomography (µCT) Analysis of Bone Microstructure:  
Femurs were collected and placed in 4% paraformaldehyde (PFA) on a rocker for 3 days at 4°C, 

after which the femurs were stored in 70% EtOH until scanning. Femurs were scanned using 

micro-computed tomography (SCANCO μCT 35, Brüttisellen, Switzerland) with a 6 μm nominal 

voxel size. Trabecular bone was analyzed in the distal femoral metaphysis and epiphysis, and 

cortical bone was examined at the femoral diaphysis. After µCT, bones were returned to 70% 

EtOH and stored at 4°C.   
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2.7 Mechanical Properties Testing: 3-Point Bending 
 
Femurs were rehydrated in PBS for at least 5 minutes in preparation for 3-point bending. The 

center of the rehydrated femurs was measured and marked with a permanent marker. Femurs were 

placed condyle size down in a 3-point bending apparatus with an 8mm span, with the center mark 

lined up with the force-applying point of the apparatus. Stiffness, yield_displacement, yield_load, 

post-yield displacement, fracture displacement, fracture load, max load, work-to-yield, and work-

to-fracture were calculated based on existing literature[290]. Young’s modulus was calculated 

with the addition of µCT results as E=KL3/(48 Imin) [290].  

 

2.8 Serum PINP and CTX-1 Analysis 
 
Immediately prior to euthanasia, mice were anesthetized, and 0.5-1 ml of blood was collected via 

cardiac puncture and allowed to coagulate. Serum was separated via centrifuge, and these samples 

were analyzed via enzyme-linked immunosorbent assay (ELISA) for PINP and CTX-1 following 

the manufacturer’s guidelines: Rat/Mouse PINP EIA ELISA kit (Cat# AC-33F1, 

Immunodiagnostic Systems Limited, East Boldon, UK). And RatLaps™ ELISA (CTX-I) kit (Cat# 

AC-06F, Immunodiagnostic Systems Limited, East Boldon, UK). 

 
2.9 Tendon mechanical analysis 
  
Achilles tendons were removed during dissection, and the mechanical properties (stress-strain 

curves, maximal tensile load) were quantified as previously described [257, 258]. Briefly, the 

width and thickness of each tendon were determined with spectral-domain optical coherence 

tomography (OCT) using an OQ Labscope (Lumedica, Durham, NC). Cross-sectional area was 
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calculated by measuring the width and thickness at the narrowest point and assuming the tendons 

have a rectangular shape. Tendons were stretched to failure using a Model 68SC-1 single-column 

tensile tester with a BioPuls Body Temperature Bath and BioPuls Submersible Pneumatic Side 

Action Grips (Instron, Norwood, MA) with a 100-Newton (N) load cell. During testing, tissues 

were submerged in 0.9% saline at 37°C. Grip tension was held at 80 lb./in2 (56245.57 kg/m2). The 

mechanical testing protocol included 10 preconditioning cycles (0.10-0.25 N) at a rate of 0.25 

mm/s before loading to failure at a constant rate of 0.25 mm/s until the force dropped 80% from 

the maximum. 

 

2.10 Bulk RNA sequencing 
 
Soleus Muscles were flash-frozen after dissection in liquid nitrogen and stored at -80 °C. Tibias 

were cut in half and centrifuged to remove bone marrow, then stored in RNAprotect Tissue 

Reagent (Quiagen, Hilden, Germany) overnight at 4°C before being transferred to -80 °C. Muscle 

and bone tissues were processed using a Qiagen RNeasy Mini Kit. The RNase-Free DNase Set 

(Qiagen, Hilden, Germany) was also used to remove DNA components during processing. RNA 

isolation was performed as described in the product manuals. Briefly, samples were homogenized 

in Trizol until no chunks were visible. Chloroform was added and the tubes were shaken for 15 

seconds, rested for 2 minutes, then centrifuged at 1200 RPM at 4°C. RNA lysate was then carefully 

collected and run through several filtration steps via the provided kit columns under centrifugation. 

Final filtered contents were added to 50 mL RNase-free water, and RNA concentration and quality 

were quantified using the NanoDrop One (Waltham, MA, US).  
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RNA samples were processed via bulk RNAseq by Novogene (Sacramento, CA, US). Results were 

aligned to the Mus musculus genome (GRCm39/mm39) with the Spliced Transcripts Alignment 

to a Reference (STAR) algorithm [291] using RStudio software (Boston, MA, US). Gene 

expression variance was calculated separately for tibia and soleus samples. Soleus sample counts 

were normalized to tissue weights. Only tissue from the casted legs of 14-day unloaded mouse 

samples was analyzed. Data visualization was completed using DeSeq2[292] in RStudio.  

 

Known genes with significant differences in expression (adjusted p < 0.05) were run through the 

Gene Ontology Enrichment Analysis tool utilizing the PANTHER Classification System. Analysis 

was performed using the following settings:  

• Analysis Type: PANTHER Overrepresentation Test (Released 20240807) 

• Annotation Version and Release Date: GO Ontology database DOI: 

10.5281/zenodo.14861039 Released 2025-02-06 

• Reference List: Mus musculus (all genes in database) 

• Annotated data sets:  

• GO biological process complete 

• GO cellular component complete 

• Test Type: Fisher’s Exact 

• Correction: Calculate False Discovery Rate (FDR) 
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2.11  Immunoblotting 
 

Immunoblotting protocol was followed as described previously [293]: Frozen plantaris muscles 

were powdered and homogenized via vortexer in 200 µL sucrose lysis buffer (SLB; 50 mM Tris 

pH 7.5, 250 mM sucrose, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 1% protease inhibitor 

complex) for 60 min at 4 °C. Following centrifugation at 10,000 g for 10 min, the supernatant was 

collected. Protein concentrations were determined in triplicate using the DC protein assay (Bio-

Rad, Hercules, CA, USA). Sample concentrations were adjusted using SLB. Following dilution in 

Laemmli sample buffer (LSB), samples were denatured for 5 min at 100 °C. Protein (10–30 µg per 

lane) was loaded on 4–15% Criterion TGX Stain-free gels (Bio-Rad), run for 45 min at 200 V, and 

visualized after a UV-induced 1-minute reaction to produce fluorescence.  

 

Following quantification, proteins were transferred to nitrocellulose or polyvinylidene difluoride 

(PVDF) membrane for 30-60 min at 100 V, depending on the size of the protein of interest. 

Efficient transfer was confirmed using Ponceau S staining of the membrane. Membranes were then 

air dried and directly incubated with the primary antibody, or washed and blocked in 1% fish skin 

gelatin dissolved in Tris-buffered saline with 0.1% Tween-20 (TBST) for 1 hour, rinsed, and then 

incubated with the primary antibody (1:1000 in TBST) overnight at 4 °C. The next day, membranes 

were washed and incubated with HRP-conjugated secondary antibodies at 1:5000 (goat) (catalog 

#31402, Pierce, Rockford, IL) to 1:10 000 (mouse, rabbit) (catalog #7076 and 7074, Cell Signaling 

Technology, Danvers, MA) in 1% skim milk-TBST for 1 hour at room temperature. Immobilon 

Western Chemiluminescent HRP substrate (Millipore, Hayward, CA, USA) was then applied to 

the membranes for protein visualization by chemiluminescence. Image acquisition and band 

quantification were performed using the ChemiDoc MP System and Image Lab 5.0 software (Bio-
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Rad). Protein levels of each sample were calculated as band intensities relative to total protein as 

described previously [294]. All samples of both groups (i.e., plantaris from cast and contralateral 

controls) were run on the same gel for each protein probed; images of the bands in the figures are 

representative, with biological replicates shown for each treatment. 

The following antibodies were used in this study at a concentration of 1 to 1000:  

• phospho S6 (Proteintech 67898-1-Ig)  

• phospho eEF2 (Cell Signaling #2331),  

• phospho AMPK (Cell Signaling #2535),  

• REDD1 (Proteintech 10638-1-AP),  

• MuRF1 (Santa Cruz, sc-398608) 

• Phospho P38  (T180) (Cell Signaling #9211) 

• Phospho AKT (Proteintech #81232-10-RR) 

 

2.14 Statistical Analysis 
 
Statistically significant differences were identified at p < 0.05, and trends were noted at p ≤0.10. 

All statistical tests (excluding bulk RNA seq data analysis and Gene Ontology analysis) were 

performed using Prism 10.4.1 for Mac (Graphpad Software, San Diego, CA).  Main effects of 

Semaglutide treatment, unloading, and their interactions were identified where applicable.  

 

For paired analysis, when data from the casted and contralateral leg of the same mouse is available, 

statistical analysis was performed with 2-way repeated-measure analysis of variance (ANOVA) 

stratified by treatment (vehicle vs Semaglutide) and loading condition (loading vs unloading). 
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When data were missing (which prevented  ANOVA analysis), a Restricted Maximum Likelihood 

(REML) analysis was run. Post hoc Tukey’s multiple comparisons tests were performed after 

ANOVA and REML analysis.  

 

For unpaired single-timepoint analysis, such as serum ELISAs, a 2-way ANOVA stratified by 

treatment (vehicle vs. Semaglutide) and loading condition (loading vs. unloading) was performed. 

Post hoc analysis was performed using Tukey’s Honest Significant Difference (HSD) test.  

 

For non-paired longitudinal analysis, including food consumption and body weight, 2-way 

repeated measures ANOVA stratified by treatment (vehicle or Semaglutide) and time point (weeks 

post-pump insertion) with Šídák post hoc test. 

 

Bulk RNA seq statistical analysis was performed as part of either the STAR analysis pipeline on 

RStudio or the Gene Ontology (GO) analysis using the Gene Ontology Enrichment Analysis tool, 

utilizing the PANTHER Classification System. Statistically significant differences were identified at 

adjusted p values (STAR) or False Discovery Rates (FDR, GO) of < 0.05, and trends were noted at  

p≤0.10. 
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3. Results 
 

Body mass, composition, and chow consumption were not changed in Semaglutide-treated mice 
fed with standard chow during mechanical unloading. 
 
No changes in body weight were observed between the vehicle and Semaglutide-treated groups 

(Fig.3.1), and no changes in food consumption were observed between groups. Food consumption 

increased the week after cast removal in both groups. Throughout the study, we used weekly Dual-

energy X-ray absorptiometry (DEXA) scans to monitor body composition. Whole-body fat 

percentage increased during unloading (week 2 to 4, p=0.0077) and decreased after reloading 

(week 4 to 6, p=0.0161), with an overall reduction in fatty tissue throughout the study (Fig. 3.2).  

Lean percentage increased during unloading (weeks 2 to 4, p=0.0225) and trended towards an 

increase overall (week 0 to 6, p=0.067). Neither Whole-body fatty tissue nor lean tissue 

percentages were affected by Semaglutide treatment.  

3.1 Muscle and Body Mass 

 

 

Figure 3.1. Weekly monitoring of mouse body weights and chow consumption during and after single-limb 
immobilization via cast and Semaglutide treatment in female mice. All body weights (A) include osmotic pump weights, 
weeks 2 and 3 include cast weights (approx. 1.4g). Chow weights (B) are based on weekly cage consumption divided by 
number of animals housed in the cage. No significant differences were observed between control and Semaglutide treated 
mice.  
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Figure 3.1. Weekly monitoring of mouse body weights and chow consumption during and after single-limb immobilization via cast 
and Semaglutide treatment in female mice.  All body weights (A) include osmotic pump weights; weeks 2 and 3 include cast weights 
(approx. 1.4g). Chow weights (B) are based on weekly cage consumption divided by the number of animals housed in the cage. No 
significant differences were observed between control and Semaglutide-treated mice.  
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3.2 Dual-energy X-ray absorptiometry (DEXA) 
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Figure 3.2. Weekly DEXA Analysis of whole-body tissue composition during and after single-limb immobilization via cast and 
Semaglutide treatment in female mice. Body percentage of A) fatty tissue and  B)lean tissue.  Significance values of 2-way 
ANOVA with Tukey’s post-hoc analysis: * p-value < 0.05, ** p-value <0.01, *** p-value < 0.001, **** p-value < 0.0001. 
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Figure 3.3. Weekly DEXA Analysis of femur diaphysis during and after single-limb immobilization via cast and Semaglutide 
treatment in female mice. Cortical bone A) bone mineral density;  B) bone mineral content; and C) bone area.  Significance values 
of 3-way ANOVA with Tukey’s post-hoc analysis: * p-value < 0.05, ** p-value <0.01, *** p-value < 0.001, **** p-value < 0.0001. 
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Figure 3.4. DEXA analysis of lumbar spine during and after single-limb immobilization via cast and Semaglutide treatment in 
female mice. Trabecular bone A) bone mineral density (BMD);  B) bone mineral content (BMC); and C) bone area.  Significance 
values of 3-way ANOVA with Tukey’s post-hoc analysis: * p-value < 0.05, ** p-value <0.01, *** p-value < 0.001, **** p-value 
< 0.0001. 
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3.3 Micro-Computed Tomography (µCT) Analysis of Bone Microstructure  
 
Semaglutide treatment interactions modify bone microstructure during unloading without weight 
loss.  
 
Semaglutide treatment did not affect lumbar spine bone metrics assessed by DEXA analysis (Fig. 

3.4). However, unloading (week 2-4) caused losses in BMD and BMC assessed by DEXA, with 

possible increases after 14 days of reloading.  Casting significantly increased BMD in the femoral 

diaphysis (p<0.0001), but changes were not significant after reloading (Fig. 3.3A). The interaction 

of week x Semaglutide treatment was evident for femur BMD, BMC, and area.  

 

No changes within or between groups were identified in the cortical bone of the femoral mid-

diaphysis (Fig. 3.5). However, the main effect of the interaction between cast x reloading was 

significant for both Ct.Th (p=0.0334) and Ct.Ar/T.Ar (0.0154). A significant interaction of 

reloading x Semaglutide treatment caused reductions in TMD compared to reloaded controls and 

unloaded Semaglutide-treated mice.  

 

Trabecular bone was relatively more responsive to casting. Bone changes and main effects were 

noted in the distal femoral metaphysis(Fig. 3.6). Semaglutide-treated mice had reductions in bone 

volume fraction(BV/TV, p=0.023) and bone mineral density (BMD, p=0.011) with casting (Fig. 

3.6A, B). BMD was reduced in vehicle-treated mice with casting (p=0.041, Fig. 3.6B). No 

significant changes in trabecular number (Tb.N) or trabecular separation (Tb.Sp) of the metaphysis 

were identified between groups (Fig. 3.6C, E). Significant reductions in trabecular thickness 

(Tb.Th) were observed between cast and uncast legs in unloaded groups (vehicle p=0.008, 
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Semaglutide p=0.0008) and reloaded vehicle-treated mice (p=0.004, Fig. 3.6D).  Reloading 

recovered the Tb.Th lost in vehicle-treated mouse limbs (uncast p<0.0001, cast p<0.0001) and cast 

legs of Semaglutide-treated mice (p<0.0001). Casting significantly reduced all microstructure 

parameters in the metaphysis and Tb.Th was modified by reloading (p<0.0001), cast x reloading 

(p=0.042), and Cast x unloading/reloading x Semaglutide (p =0.038).  

 

Trabecular bone responses and main effects were most visible in the distal femoral epiphysis 

(Fig.3.7). Casting caused significant loss in BV/TV, BMD, Tb.N, Tb.Th, and an increase in Tb.Sp. 

Reloading recovered this loss in all cases except for Tb.N and Tb.Sp. Legs that had been casted 

showed significant increases in BV/TV, BMD, and Tb.Th with reloading compared to uncasted 

limbs. The interaction of Semaglutide with reloading increased both leg BMD values compared to 

mice that had only undergone unloading (p=0.042). No other changes linked to Semaglutide were 

present in the distal epiphysis.  

 

No significant changes were noted between groups in mechanical testing (Figs. 3.8 & 3.9). 

However, main effects and/or trends were noted for casting and Semaglutide treatment. Casting 

increased post-yield displacement, fracture displacement, fracture load, and work to fracture. 

Semaglutide reduced yield load and max load and trended towards decreasing yield-displacement 

and fracture load. An increase in fracture displacement due to all three variables is also possible 

(p=0.098).  elastic modulus, yield stress, and ultimate stress were not affected by casting, 

reloading, or Semaglutide treatment (Fig. 3.9).   
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Circulating concentrations of bone homeostasis markers were quantified in serum using ELISAs.  

The serum concentration of bone formation marker PINP did not increase compared to vehicle 

controls in unloaded or reloaded conditions (Fig. 3.10A). However, when both unloading and 

reloading groups were assesed together, the main effect of Semaglutide treatment (p=0.025) and 

trending effects of loading condition (p=0.0834) were observed. In contrast, the bone resorption 

marker CTX-1 concentrations were elevated in unloaded mice treated with Semaglutide (p=0.022) 

but not in reloaded mice (Fig. 3.10B). The main effect of Semaglutide treatment (p=0.021) and 

trending effects of unloading/reloading (p=0.075) and Semaglutide x reloading interaction 

(p=0.070) were observed. 
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Figure 3.5. µCT analysis of cortical bone at the femoral mid-diaphysis during single-limb immobilization via cast and 
Semaglutide treatment in female mice. Cortical bone microarchitecture: A) cortical thickness (Ct.Th);  B) bone volume fraction 
(Ct.Ar/T.Ar); C) Tissue mineral density.  Significance values of 3-way ANOVA with Tukey’s post-hoc analysis: * p-value < 0.05, 
** p-value <0.01, *** p-value < 0.001, **** p-value < 0.0001. 

Figure 3.5. µCT analysis of cortical bone at the femoral mid-diaphysis during single-limb immobilization via cast and Semaglutide 
treatment in female mice. Cortical bone microarchitecture: A) cortical thickness (Ct.Th);  B) bone volume fraction (Ct.Ar/T.Ar); 
C) Tissue mineral density.  Significance values of 3-way ANOVA with Tukey’s post-hoc analysis: * p-value < 0.05, ** p-value 
<0.01, *** p-value < 0.001, **** p-value < 0.0001. 

. 
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Figure 3.6. µCT analysis of trabecular bone at the distal femoral metaphysis during single-limb immobilization via cast and 
Semaglutide treatment in female mice. Trabecular bone microarchitecture: A) bone volume (BV); B) bone volume fraction (BV/TV); 
C) trabecular number (Tb.N); D) trabecular thickness (Tb.Th); E) Trabecular Separation (Tb.Sp). Significance values of 3-way 
ANOVA with Tukey’s post-hoc analysis: * p-value < 0.05, ** p-value <0.01, *** p-value < 0.001, **** p-value < 0.0001. 
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Figure 3.7. µCT analysis of trabecular bone of the distal femoral epiphysis during single-limb immobilization via cast and 
Semaglutide treatment in female mice. Trabecular bone microarchitecture: A) bone volume (BV); B) bone volume fraction (BV/TV); 
C) trabecular number (Tb.N); D) trabecular thickness (Tb.Th); E) Trabecular Separation (Tb.Sp). Significance values of repeat 
measures linear model (RMLM) with Tukey’s post-hoc analysis: * p-value < 0.05, ** p-value <0.01, *** p-value < 0.001, **** p-
value < 0.0001. 
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3.4 Mechanical Properties Testing: 3-Point Bending 

 

Figure 3.8. 3-Point bending analysis of femurs after single-limb immobilization via cast and Semaglutide treatment in female  mice. 
Femur structural properties: A) stiffness; B) yield-displacement; C) yield load; D) post-yield displacement; E) fracture 
displacement; F) fracture load; G) max load; H) work to yield; and I) work to fracture. Significance values of 3-way ANOVA with 
Tukey’s post-hoc analysis: * p-value < 0.05, ** p-value <0.01, *** p-value < 0.001, **** p-value < 0.0001. 
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Figure 3.9. Analysis of femur material properties after single-limb immobilization via cast and Semaglutide treatment in female  
mice. Material properties: A) Elastic Modulus; B) yield stress; C) ultimate stress. Significance values of 3-way ANOVA with 
Tukey’s post-hoc analysis: * p-value < 0.05, ** p-value <0.01, *** p-value < 0.001, **** p-value < 0.0001. 
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3.5 PINP and CTX-1 Analysis  
 

 

 

 

3.6 Tendon mechanical analysis 
 
Tendons are less responsive to Semaglutide treatment than to unloading and reloading.  
 

Casting increased Achilles tendon thickness and force at MTL and reduced Young’s Modulus (Fig. 

3.11 B, D, E). Reloading decreased CSA and increased force at MTL, Young’s modulus, and 

Ultimate stress. Semaglutide treatment trended towards increasing force at MTL after reloading 

(p=0.090), but had no other apparent impacts on Achilles tendon mechanics at these timepoints.   
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Figure 3.10. Serum bone formation and resorption markers after single-limb immobilization via cast and Semaglutide 
treatment in female mice. Serum concentrations of A) PINP and B) CTX-1. Main effect of semaglutide treatment was observed 
in both markers (p<0.05), with trending effect of unloading (p<0.1) and interaction (p=0.0696) in CTX-1 concentration. 
Significance values of 2-way ANOVA with Tukey’s post-hoc analysis: * p-value < 0.05, ** p-value <0.01, *** p-value < 0.001, 
**** p-value < 0.0001. 
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Figure 

3.11. 

Mechanical testing of the Achilles tendon after single-limb immobilization via cast and Semaglutide treatment in female mice. 
Achilles tendon structural and mechanical properties: A) width; B) thickness; C)cross-sectional area; D) force at maximal tensile 
Load; E) Young’s Modulus; and F) ultimate stress. Significance values of Repeat Measures Linear mixed-methods model (RMLM) 
with Tukey’s post-hoc analysis: * p-value < 0.05, ** p-value <0.01, *** p-value < 0.001, **** p-value < 0.0001.  
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3.7 Muscle 
 
Semaglutide significantly decreases muscle mass during unloading. 
 
 
Significant loss of muscle mass was observed between the cast and contralateral control legs of 

Semaglutide-treated mice (Fig. 3.12). Gastrocnemius muscles were also reduced in vehicle-treated 

mice (p<0.001). Reloading did not recover lost gastrocnemius mass with or without Semaglutide 

treatment. Semaglutide was not an independent factor for muscle loss, but it had significant 

interactions with reloading in the soleus (p=0.036), gastrocnemius (p=0.004), and plantaris 

(p=0.008). Casting x Reloading interactions were substantial in the soleus (p=0.004) and 

gastrocnemius (p=0.041) muscles. 

 

Anabolic and catabolic muscle protein concentrations are impacted by unloading, reloading, and 
Semaglutide treatment.  
 
Semaglutide significantly affected MURF1 and pAKT abundance in plantaris muscles during 

unloading, with trending changes in REDD1 (32kDa and 36kDa) and peEF2 concentrations (Fig. 

3.13). Casting increased pS6 and decreased MURF1. Interactions of casting and Semaglutide 

treatment caused decreases in plantaris MURF 1 concentrations and trending increases in pAMPK 

and peEF2. Reloading greatly affected protein concentrations in casted legs of vehicle and 

Semaglutide-treated animals, including decreased pS6 and pP38, as well as increased REDD1 

(32kDa and 36kDa) and peEF2 (Fig. 3.14). Semaglutide x reloading effects increased 

REDD1(36kDa) concentrations and decreased and pAKT concentrations, with trending decreases 

in peEF2 and pP38.  
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Figure 3.12. Muscle mass after single-limb immobilization via cast and Semaglutide treatment in female mice. Measured mass: A) 
soleus; B) gastrocnemius; C) plantaris; and D) Tibialis anterior. Significance values of 3-way ANOVA with Tukey’s post-hoc 
analysis: * p-value < 0.05, ** p-value <0.01, *** p-value < 0.001, **** p-value < 0.0001. 
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3.8 Immunoblot 
  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13. Immunoblot Analysis of Plantaris muscle after single-limb immobilization via cast and Semaglutide treatment in 
female mice. Measured proteins: A) pAMPK; B) pS6; C) MURPH 1; D) REDD1 (32kDa); E) REDD1. (36kDa); F) pAKT; G) 
peEF2;and H) pP38 . Significance values of 2-way ANOVA with Tukey’s post-hoc analysis: : * p-value < 0.05, ** p-value <0.01, 
*** p-value < 0.001, **** p-value < 0.0001. 
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Figure 3.14 Immunoblot Analysis of Plantaris muscle after single-limb immobilization via cast and subsequent reloading with 
Semaglutide treatment in female mice. Measured proteins: A) pAMPK; B) pS6; C) MURPH 1; D) REDD1 (32kDa); E) REDD1. 
(36kDa); F) pAKT; G) peEF2;and H) pP38 . Significance values of 2-way ANOVA with Tukey’s post-hoc analysis: : * p-value < 
0.05, ** p-value <0.01, *** p-value < 0.001, **** p-value < 0.0001. 
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3.9 Bulk RNA Sequencing & Gene Ontology 
 
Semaglutide treatment significantly modifies the expression of genes critical to bone & skeletal 
system development.  
 

Bulk RNA sequencing found that 15 unique Ensembl IDs were identified as differentially 

expressed in the unloaded tibia between Semaglutide and vehicle-treated mice (see Appendix 2 

for complete list). 13 have been assigned a gene symbol; of those, 5 were noted as having a 

significant effect size (log2 fold change ±1, Table 1, Fig. 3.15). No significant changes in the 

expression of biological processes were identified through Gene Ontology analysis. Additionally, 

148 unique Ensembl IDs were identified as differentially expressed in the unloaded soleus muscle 

between Semaglutide and vehicle-treated mice (see Appendix 3 for complete list). 128 have been 

assigned a gene symbol; of those, 45 were noted as having a significant effect size (log2 fold 

change ±1, Table 2). Gene Ontology analysis indicated significant changes in various biological 

processes, including neutrophil aggregation, bone development, regulation of monoatomic ion 

transport, cell migration, positive regulation of multicellular process, and several subcategories of 

these processes (Tables 3 & 4). These genes have been noted in tables and heat maps (Fig. 3.16) 

to indicate differential expression. Notably, downregulation of Zbtb16 was observed in both tibia 

and soleus datasets.  
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Table 3.1. Differential gene expression of the tibia during unloading via a cast. 

 Ensembl ID baseMean log2FoldChange lfcSE stat pvalue padj symbol 

ENSMUSG00000059824 130.803727 -1.5224962 0.22245952 -6.8439246 7.71E-12 1.31E-07 Dbp 

ENSMUSG00000008874 432.126679 -1.5315917 0.25949292 -5.9022486 3.59E-09 3.05E-05 Clec3a 

ENSMUSG00000026574 84.6325984 -1.2358126 0.26724476 -4.6242723 3.76E-06 0.00660539 Dpt 

ENSMUSG00000066687 80.1998874 1.34487995 0.30128684 4.46378584 8.05E-06 0.01243511 Zbtb16 

 

ENSMUSG00000037406 89.8072545 -1.2867991 0.30759294 -4.183448 2.87E-05 0.034838 Htra4 
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Figure 3.15. Bulk RNA Seq analysis of unloaded tibia and soleus after single-limb immobilization via cast and 
Semaglutide treatment in female mice. Volcano plot of significantly upregulated genes (pink) in A) tibia and B) soleus 
muscles. Significance is defined as an adjusted p value <0.05. Significant change in log2 fold change denoted by dashed 
lines at x= ± 1.  
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Table3.2.Differentially expressed genes in the unloaded soleus (bulk RNAseq) 

  baseMean log2FoldChange lfcSE stat pvalue padj symbol 

ENSMUSG00000066687 66.9582806 -1.65612819 0.26015398 6.36595362 1.9408E-10 1.6844E-06 Zbtb16 

ENSMUSG00000033124 28.3977905 -1.49527447 0.26403183 5.66323571 1.4854E-08 3.2356E-05 Atg9a 

ENSMUSG00000033624 18.3117907 -1.73933437 0.30191459 5.76101461 8.361E-09 3.2356E-05 Pdpr 

ENSMUSG00000114382 126.706682 -1.4257837 0.27036593 5.27353312 1.3382E-07 0.00016796 Gm4814 

ENSMUSG00000120539 22.2766691 -1.36276304 0.27072108 5.03382677 4.8078E-07 0.00041727 Gm56507 

ENSMUSG00000109017 153.709618 -1.06221107 0.22207267 4.7831689 1.7255E-06 0.00106971 Gm38979 

ENSMUSG00000114968 22.1161428 -1.95142467 0.40695515 4.79518364 1.6253E-06 0.00106971 A630019I02Rik 

ENSMUSG00000087530 53.5958438 -1.5070964 0.31951187 4.71687137 2.395E-06 0.00138574 Gm15533 

ENSMUSG00000110711 95.7656979 -1.45159192 0.3164542 4.58705212 4.4955E-06 0.00195082 Gm45760 

ENSMUSG00000087253 27.5927736 -1.83528373 0.39938032 4.59532841 4.3207E-06 0.00195082 Gm12043 

ENSMUSG00000112841 36.2768348 -1.86306787 0.41816786 4.45531099 8.3772E-06 0.00302939 Gm48752 

ENSMUSG00000056071 35.3938028 -5.38940655 1.21404319 4.43922143 9.0285E-06 0.00313433 S100a9 

ENSMUSG00000033400 314.362194 -1.20582204 0.27240701 4.42654564 9.5754E-06 0.00319635 Agl 

ENSMUSG00000073375 75.4863103 -1.00846822 0.23175084 4.35151918 1.352E-05 0.00396808 Lrrc30 

ENSMUSG00002076463 21.9433113 -1.18771996 0.27603177 4.30283794 1.6862E-05 0.00443482 Gm55944 

ENSMUSG00000025006 70.1393175 -1.14560373 0.2676879 4.27962469 1.8721E-05 0.00477878 Sorbs1 
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Figure 3.16. Heat map of differentially expressed genes in Semaglutide vs vehicle-treated mouse tibias 
after single-limb immobilization via cast in female mice. Expression is denoted as relative Z-score for 
upregulation (pink) and downregulation(blue) genes.   
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ENSMUSG00000120290 14.0814816 -1.45981677 0.34257705 4.26128018 2.0326E-05 0.00490024 Gm56959 

ENSMUSG00000020634 44.3616878 -1.13081227 0.26706343 4.23424612 2.2932E-05 0.00497566 Ubxn2a 

ENSMUSG00000032484 27.6372515 -6.68968525 1.60266157 4.17410973 2.9915E-05 0.00633257 Ngp 

ENSMUSG00000028766 12.465005 -1.39093648 0.34736841 4.00421122 6.2225E-05 0.0110214 Alpl 

ENSMUSG00000067279 243.723512 -1.29837385 0.32488213 3.99644588 6.4301E-05 0.01116129 Ppp1r3c 

ENSMUSG00000121052 139.469893 -1.06635151 0.27688561 3.85123483 0.00011752 0.01619029 Gm56551 

ENSMUSG00000034055 326.990252 -1.30621722 0.33960478 3.84628632 0.00011992 0.0162625 Phka1 

ENSMUSG00000120274 43.1260795 -1.23721297 0.3222967 3.83873916 0.00012367 0.01651249 Gm56882 

ENSMUSG00000090990 179.545301 -1.60127426 0.41841611 3.82699 0.00012972 0.01705815 Gm17197 

ENSMUSG00000120133 90.7748026 -1.00455403 0.26517888 3.78821277 0.00015173 0.01798552 Gm56945 

ENSMUSG00000026229 103.605864 -1.00226618 0.26940864 3.7202452 0.00019903 0.02214585 Psmd1 

ENSMUSG00000086297 14.0355711 -1.41598788 0.38517737 3.67619696 0.00023674 0.02505657 Gm15632 

ENSMUSG00000056054 28.8226381 -4.56158733 1.25159438 3.64462114 0.00026779 0.02671396 S100a8 

ENSMUSG00000026822 21.9216741 -3.70237676 1.02405292 3.61541548 0.00029987 0.02891711 Lcn2 

ENSMUSG00000034472 14.0021782 -3.44932827 0.96158843 3.58711498 0.00033436 0.0308711 Rasd2 

ENSMUSG00000092596 14.1465424 -1.23598633 0.34633991 3.56870889 0.00035874 0.03177088 Gm20490 

ENSMUSG00000020169 12.3433664 -1.25486098 0.35211188 3.5638132 0.00036551 0.03182313 Best3 

ENSMUSG00000041329 88.5004442 -1.92209663 0.5407347 3.55460197 0.00037855 0.03182313 Atp1b2 

ENSMUSG00000025161 47.0383711 -2.05968596 0.58123176 3.54365697 0.00039462 0.03200834 Slc16a3 

ENSMUSG00000106375 71.7202272 -2.05928986 0.58395927 3.5264272 0.00042121 0.03302715 Gm43361 

ENSMUSG00000022371 14.1972082 2.1630211 0.61991529 -3.4892205 0.00048443 0.03463473 Col14a1 

ENSMUSG00000021390 50.6638703 1.5993967 0.45979466 -3.4785021 0.00050422 0.03557858 Ogn 

ENSMUSG00000026827 60.3028654 -1.81975462 0.52585812 3.46054298 0.00053909 0.0374299 Gpd2 

ENSMUSG00000030730 17020.1396 -1.1766713 0.34053761 3.45533435 0.00054961 0.03755368 Atp2a1 

ENSMUSG00000028518 102.949188 -1.00515651 0.29406339 3.41816264 0.00063045 0.04023318 Prkaa2 

ENSMUSG00000079278 30.907969 -1.98271203 0.58905096 3.3659431 0.00076282 0.04627236 Tmem233 

ENSMUSG00000021451 35.2670494 -1.28219276 0.3811319 3.36417066 0.00076774 0.04627236 Sema4d 

ENSMUSG00000058975 52.9469104 -1.06808184 0.31837463 3.35479574 0.00079424 0.04721353 Kcnc1 

ENSMUSG00000030089 28.2131427 -1.42939098 0.42672919 3.34964423 0.00080915 0.04764291 Slc41a3 
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Table 3.3. Gene Ontology Analysis Results 

 
Mus musculus (REF) 
  

GO biological process complete 
MM 
REF # 

Actual 
# 

Expected 
# 

Fold 
Enrichment +/- 

raw P 
value FDR 

Neutrophil Aggregation 3 2 0 > 100 + 4.75E-06  0.0362 
Neutrophil Aggregation Subset:  Leukocyte 
Aggregation 14 3 0.02 > 100 + 6.81E-07  0.0104 
Bone Development 229 5 0.29 17.03 + 9.80E-06  0.0498 

 
 
 
 
Table 3.4. Genes Identified in GO Analysis 

 
 
 
 

Biological Process Class and Subclass Gene ID/Symbol Gene Name 

Neutrophil aggregation Gene ID/Symbol Gene Name 

  S100a9 Protein S100-A9 

  S100a8 Protein S100-A8 

Neutrophil aggregation: Leucocyte aggregation Gene ID/Symbol Gene Name 

  S100a9 Protein S100-A9 

  Sema4d Semaphorin-4D 

  S100a8 Protein S100-A8 

Bone development Gene ID/Symbol Gene Name 

  Sema4d Semaphorin-4D 

  Zbtb16 Zinc finger and BTB domain containing 16 

  Atg9a Autophagy-related protein 9A 

  Alpl Alkaline phosphatase, tissue-nonspecific isozyme 

  Ogn Osteoglycin/ Mimecan 
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Figure 3.17. Heat map of differentially expressed genes in Semaglutide vs vehicle-treated mouse soleus muscles after single-
limb immobilization via cast in female mice. Differently expressed genes have been organized into Gene Ontology biological 
process categories: A) neutrophil and leukocyte aggregation; B) bone development. Values are normalized to processed muscle 
mass. Expression is denoted as a relative Z-score for upregulated (pink) and downregulated (blue) genes.   
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4. Discussion 
In this study, we investigated bone, muscle, and tendon responses to unloading and reloading 

during treatment with the GLP-RA Semaglutide. We originally hypothesized that Semaglutide-

related weight loss would exacerbate bone and muscle loss during periods of unloading. However, 

contrary to our initial hypothesis,  mice weight and body composition did not change due to the 

GLP-1RA dosage and method we used to administer the treatment. This led to an unexpected but 

interesting investigation into the effect of Semaglutide treatment without weight loss in wild-type 

female mice fed with a regular diet. We discovered differences in muscle responses to unloading 

with Semaglutide treatment associated with various differentially expressed genes.  

 

Our selected dosage of Semaglutide was based on effective weight loss available in current 

literature when delivered subcutaneously [295-297]([47] is a preprint). However, our mice did not 

lose weight, decrease food intake, and continued to gain weight normally as they grew. Observed 

feeding habits were consistent between control and treatment groups, contrary to food reductions 

in studies where the animals lost weight [295, 296]. It is possible that there was a difference in 

weight loss because of the use of an Alzet osmotic pump instead of daily or twice daily injections 

or gavage. Alzet osmotic pumps are designed to continuously release a dosage from a reservoir 

capsule, while injections and gavage deliver an entire daily dose of the drug at once. The adverse 

gastrointestinal side effects of Semaglutide medication likely occur at these higher concentrations, 

which are never reached when using a slow-release osmotic pump. Continuous administration of 

GLP-1 RAs in healthy human males also reduced changes to gastric emptying compared to 

intermittent dosing and reduced the ability of these medications to decrease post-meal blood 

glucose levels[298]. However, continuous administration maintains insulin levels after meals 
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compared to intermittent dosing, which significantly reduces blood insulin levels compared to 

placebo controls. These differences could result in reduced weight loss.  

 

Other reasons for weight maintenance include the size, diet, and sex of the mice. Animals in this 

study had not been fed the high-fat chow commonly used to induce extreme weight gain in mouse 

models. Higher weight and different nutritional intake could be required for Semaglutide to cause 

weight loss in mice. Other rodent Semaglutide studies looking at weight loss often use diet-induced 

obesity (DIO) or diet-restricted obesity (DRO) models, where rodents are fed a high-fat diet 

consisting of 45 or 60% fat chow[295, 299]. Our mice were not explicitly fed to increase their 

weight, but rather were fed standard chow with approximately 5% fat,  as a normal rodent chow 

contains 4-6% fat,[300]. Other studies with normal weight, standard chow, and similar 

Semaglutide dosage did not show long-term weight loss [301]. Higher doses in normal weight 

rodents resulted in either 12% weight loss in 2 days that was sustained over the 12-day study with 

reduced food and water intake [297](preprint) or a weight loss of 4-6% that was attenuated with 

voluntary sucralose intake, indicating that caloric restrictions could be due to solid food intake 

versus overall intake, though the mechanism isn’t well defined[302].  Sex could also be a factor, 

as many studies were performed using male mice that tend to eat more and gain more weight per 

gram of food eaten, despite similar feeding patterns [303].  However, female mice also lost weight 

in at least one study [296]. We chose to use normal weight female mice for a biologically relevant 

investigation into the effects of Semaglutide on individuals who were being prescribed GLP-1RA 

medications without confounding medical conditions. We therefore chose to administer a standard 

chow diet and refrained from adding additional fat to increase their weight. Finally, using an 
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osmotic pump reduces animal handling; handling animals twice daily for injections may result in 

stress-induced weight loss and other side effects[304, 305].  

 

In murine Semaglutide studies involving mice fed a high fat diet, weight loss is as high as 10% in 

2 days after starting twice daily injections [295]. With higher Semaglutide dosages (30 and 100 

nmol/kg/day), animals reach a 20-30% weight reduction in 14-21 days[295, 306]. The UC Davis 

IACUC lists 20% weight loss in skeletally mature laboratory mice as a condition for a humane 

endpoint, where an animal is humanely euthanized based on animal health decline. Indeed, other 

experiments conducted by Novo Nordisk utilizing mouse models noted that excess weight loss is 

a risk factor for Semaglutide treatment [307]. A treatment that consistently causes this weight loss 

in a short time frame may not be ethical if not for the potential of weight loss in humans.  

 

 

 

 

Bone Response 
 

We did not expect an increase in femoral mid-shaft BMD due to casting during mechanical 

unloading, but this may have been a result of initial significant differences between left and right 

leg in the vehicle group. Femoral mid-shaft bone mineral content (BMC) reductions were 

expected, as were increases in BMC upon reloading[308, 309]. Semaglutide did not affect BMD 

or BMC of the spine, though unloading induced small magnitude reductions of both measures. 

Human studies have shown decreased aBMD in the lumbar spine, but this occurred in conjunction 

with substantial weight loss[207]. Given the lack of weight loss, our BMD and BMC results are 
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consistent with our current understanding of systemic bone loss during unloading, which is 

unlikely to induce significant changes in the lumbar spine over 14 days of partial unloading.  

 

MicroCT analysis of the mid-femur diaphysis yielded conflicting results compared to the current 

literature using the same model. Cortical bone of the casted leg was not as affected by unloading 

as seen in a previous study on casting, though that study used 3 weeks of unloading[289]. Our 

study also had a larger sample size (n=9-10 vs n=3-5), so it is possible there was an issue with 

the statistical power of the previous research. We also saw the main effects of casting x reloading 

on Ct. Th and Ct.Ar/T.Ar, which both increased after reloading. This is consistent with the 

mechanical loading of tissue. TMD was affected by the interaction between casting x 

Semaglutide treatment. 

 

MicroCT analysis of trabecular bone was consistent with our expectations, with responses to 

unloading consistent with previous studies: BV/TV, BMD, Tb.N, and Tb.Th were significantly 

reduced due to the main effect of casting in the distal femoral metaphysis and epiphysis due to 

casting [289]. Tb.Sp was also significantly increased in both regions, consistent with previous 

literature [289]. Surprisingly, only Tb.Th was fully recovered with subsequent reloading in the 

metaphysis, though BV/TV, BMD, Tb.Th, recovered via reloading in the epiphysis. Meng et al. 

found that bone mass and strength were increased in GPL-1RA-treated rats and suspected the 

PKA/beta-catenin pathway. This could be rat-specific, or because of ex-4 vs Semaglutide. They 

also unloaded for 28 days, while we only unloaded for 14 days [192]. We also saw no changes in 

expression of PKA-regulating genes (Prkc, Prkar1a, etc.) [310]  or other Wnt/beta-catenin-related 

genes in the tibias of Semaglutide-treated mice versus controls.  
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Mechanical Properties of Cortical Bone 

Casting affected the femur's mechanical properties, increasing post-yield and fracture 

displacement and reducing fracture load. This is expected due to the reduction in BMC measured 

in the DEXA analysis. Semaglutide reduced the yield load and energy to yield, as well as the max 

load and trends in fracture load, which was surprising given the lack of BMD or BMC reduction 

attributed to Semaglutide treatment in our DEXA analysis.  

 

 

Circulating Markers 
Serum bone formation and resorption markers were consistent with previous studies [259] and 

unloading literature [239, 311, 312]. However, current understanding of the effect of GLP-1RAs 

on bone formation and resorption is conflicting in rodent and human studies [206, 207, 313]. 

Human studies on patients with high fracture risk resulted in no bone formation marker changes 

and an increase in bone resorption markers[207], which is consistent with our study. Studies that 

note bone maintenance involve diabetic models or are used in conjunction with weight loss, which 

is not consistent with our model or results, therefore it is not possible to make a direct comparison. 

A study performed on a diabetic rat model cites anabolic effects of liraglutide on bone[313].  

Iepsen et. al discussed increased bone formation and decreased bone loss in humans, but focused 

on BMC, not BMD, in patients undergoing weight loss and liraglutide treatment [206]. These 

studies also use liraglutide, which may affect bone growth and resorption differently than 

Semaglutide, given its much shorter half-life. The possible interaction between unloading and 

Semaglutide use on increasing bone resorption markers warrants further exploration.  
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Bone Gene Expression 
Only five genes were differentially expressed in the tibias from unloaded legs of Semaglutide-

treated mice compared to unloaded vehicle-treated mice. Four were upregulated: Dbp, Clec3a, 

Dpt, and HtrA4. Dbp stabilizes vitamin D availability, allowing for consistent vitamin D utilization 

required for bone homeostasis [314]. Clec3a is involved in chondrogenesis and osteogenesis and 

may be upregulated in osteosarcoma tissue [315, 316]. Dpt upregulation may repress papillary 

thyroid cancers [317], though Semaglutide treatment is contraindicated explicitly in those at risk 

for these cancers, given their high occurrence in rodent models [231, 232]. Dpt also triggers 

osteogenic differentiation in human periodontal ligament stem cells [318], and could have a similar 

effect in MSCs.  Dpt gene silencing has also been suggested to treat osteosarcoma [319], so 

whether upregulation is beneficial or detrimental is yet to be seen. HtrA4 expression in mice has 

not been specifically identified[320]. However, HtrA4 is significantly elevated in the placentas of 

women with pre-eclampsia [321]. Pregnancy is contraindicated with GLP-1RA treatment, given 

the adverse effects on fetal growth [231, 232], but this is another possible adverse side effect that 

could be explored to better understand the role of HtrA4.  

 

Zbtb16 was downregulated in the bone tissue from unloaded legs in Semaglutide-treated mice. 

Zbtb16 regulates many stages of bone development, including the osteogenesis of MSCs [322, 

323]. Reductions in Zbtb16 expression reduces osteogenic differentiation, resulting in osteoporosis 

[324]. As such, Zbtb16 has seen interest as a target to prevent and reverse osteoporosis [324]. 

Therefore, downregulation of this gene expression is worrying, as patients taking Semaglutide for 

T2D and weight loss are already at risk of reduced bone mass.  This must be thoroughly 

investigated to protect patients from this life-altering bone disease.  
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Tendon Response 
 

Tendon mechanics were altered during unloading, which is in contrast with our previous study 

investigating the effects of alendronate during unloading, which did not show a change in Young’s 

modulus or force at MTL in Achilles tendons during mechanical unloading. Our study using 

alendronate during unloading did not indicate a change in Young’s modulus or force at MTL in 

Achilles tendons during mechanical unloading. However, these changes are apparent in human 

tendons during disuse [325-327]. Our aforementioned study used a tail suspension hindlimb 

unloading model (HLU) instead of a single-leg casting immobilization model. The position or 

restraint of the ankle may have restricted both load and movement of the tendon when compared 

the freedom of ankle movement without load  in the HLU model. This could explain the decrease 

in E during casting due to casting and subsequent increase in E and ultimate stress in reloaded 

mouse groups, attributed to the main effects of casting and reloading. Increases in Achilles tendon 

cross-sectional area (CSA) during unloading were expected, as observed previously [326]. 

 

Muscle Response 
We were somewhat surprised to see increased muscle loss with Semaglutide treatment and casting 

without concurrent treatment-induced weight loss. Additionally, it was unexpected to see the 

interaction of reloading and Semaglutide treatment resulting in an increase in muscle mass in 

reloaded animals compared to unloaded animals. Though we initially expected weight loss to 

reduce muscle size during and after unloading, the noted anabolic effects of Semaglutide on muscle 

are supported by our observations [213, 328-330]. We identified decreased levels of myostatin 

gene expression in Semaglutide-treated mice during immobilization, a trend that may have 

continued after the cast was removed. Myostatin is a key regulator of muscle mass [247, 248], so 
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a decreased expression in Semaglutide treatment could contribute to heightened muscle growth 

after reloading. However, this expression is paradoxical for our unloading results. Therefore, other 

factors must play into the muscle atrophy caused by Semaglutide treatment during mechanical 

unloading.  

 

The observed changes in plantaris muscle protein concentrations somewhat align with previous 

research regarding protein concentrations during muscle growth and atrophy. Notably, it supports 

the counterintuitive finding in current studies that upregulation in catabolic proteins occurs during 

muscle maintenance and downregulation in anabolic proteins occurs during muscle regrowth [331-

334]. For example, REDD1 is traditionally thought of as a driver of muscle atrophy[335] with 

glucocorticoid-dependent expression that may have increased during the stress of casting. 

However, REDD1 may also act as a regulator of muscle mass based on energy availability. In this 

case, the increase in REDD1 expression during casting-induced muscle loss could be due to 

adaptations meant to maintain muscle mass by reducing in energy requirements[336]. These 

counterintuitive responses could be due to increased muscle remodeling as a response to changes 

in mechanical stimulus during unloading and reloading.  

 

Gene ontology analysis identified several critical biological processes with significant levels of 

differentially expressed genes. Of these, the regulation of bone development is of particular interest 

given the scope of this study. In addition to Zbtb16, which has been discussed previously, the 

following factors are negatively expressed in Semaglutide-treated soleus muscles from casted 

limbs: 
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Sema4d is a pro-inflammatory regulator [337] that also plays a role in bone homeostasis [338] and 

is highly expressed in tumor cells[339]. Downregulation of this gene could result in beneficial 

musculoskeletal outcomes. Atg9a is necessary for autophagy, or the removal of damaged 

organelles and proteins [340]. This is required for proper tissue remodeling. Atg9a expression is 

increased as lean and fat mass increase, so it may also be reduced in periods of weight or tissue 

loss, including the reductions observed in the soleus muscle tissue [341]. However, this study did 

not observe weight loss, so the mechanism must be different. ALPL encodes for tissue-nonspecific 

alkaline phosphatase (TNSALP), a key component for proper mineralization of bone[342]. 

Decreased ALPL expression can cause Hypophosphatasia, characterized by bone weakness and 

fragility, stunted bone growth, muscle weakness, seizures, and other effects from vitamin B6 

deficiency [343, 344]. Reductions in ALPL could cause long-term musculoskeletal complications, 

especially where reduced dietary intake due to GLP-1RA-related hunger suppression may have 

already decreased vitamin B6 intake and absorption. Finally, we observed an increase in Ogn 

expression. Ogn encodes for osteoglycin, or mimecan, which is produced by myoblastic cells and 

regulates osteoblast differentiation[345]. It is a potent muscle-bone crosstalk agent for osteoblast 

differentiation through the RUNX2 pathway [345]. Interestingly, downregulation of Ogn has also 

been implicated in glucose-induced T2D osteoporosis[346], so this increase in osteoglycin 

crosstalk may explain why reduced Zbtb16 downregulation does not result in short-term bone loss. 

The altered expression of these essential musculoskeletal genes could pose long-term issues for 

patients taking Semaglutide, with or without weight loss. However, given the beneficial and 

negative effects that likely occur from these alterations, more research will need to be conducted 

to assess overall positive or negative impacts of these changes on musculoskeletal health during 

long-term treatment.  
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5. Conclusions 
 

This study established the adverse effects of Semaglutide treatment on musculoskeletal tissue 

during mechanical unloading and reloading without weight loss.  More investigation into the 

impacts of Semaglutide treatment on relevant bone and muscle gene expression changes, 

especially Zbtb16, needs to be conducted. Additionally, weight loss must still be investigated with 

unloading studies, especially given the muscle loss without weight loss seen in this study. These 

investigations will help prevent long-term bone and muscle degradation issues associated with 

Semaglutide treatment in a growing population of GLP-1RA-treated patients. 
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Chapter 4: Dissertation Summary 
 
 
Periods of mechanical unloading remains a concern for musculoskeletal health across the lifespan. 

The occurrence of unloading can happen to patients of all ages, many of whom are taking 

medications for other conditions. This dissertation explored the interactions between mechanical 

unloading, age, and pharmaceutical usage that impacts these patients.  

 
In the first study, we demonstrated that bone morphology changes in response to 14 days of 

mechanical unloading and bisphosphonate use changed throughout the lifespan. We also noted 

differences in bone-muscle crosstalk cytokines across the lifespan. Muscle weights decreased with 

unloading and were not rescued with bisphosphonate treatment, whereas myostatin concentrations 

were increased with alendronate in young animals, contradicting our hypothesis that maintaining 

bone would facilitate muscle maintenance. Myostatin concentrations were most notably modified 

in young animals, while and TGF-b was modified in older animals. TGF-b may be an important 

bone-muscle crosstalk driver of muscle atrophy, but only in older animals, where concentrations 

were negatively correlated with bone volume. These results indicate the importance of different 

age models for unloading studies depending on the target audience for therapeutics.  

 

In the second study, we found that Semaglutide treatment increased muscle atrophy in limbs that 

were unloaded for 14 days but did not affect bone morphology. This atrophy occurred without 

weight loss in female mice fed standard chow. However, circulating bone resorption markers were 

significantly increased, suggesting a possible long-term effect that was not captured at the 

observed timepoint. 14 days of mechanical reloading also successfully recovered the observed 

musculoskeletal atrophy. Bulk RNAseq analysis showed reductions in several bone development 
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genes, including zbtb16, which is important for preventing osteoporosis. Additionally, we 

observed an increase in the Ogn gene which encodes for osteoglycin, an important muscle-bone 

crosstalk myokine that promotes osteoblast differentiation. These findings have interesting 

implications for the future of Semaglutide use and warrant further research to prevent unintended 

harm to musculoskeletal tissues during treatment.  

 

Together these studies show a need for further investigation into the effect of pharmaceutical use 

during periods of mechanical unloading, especially in at-risk populations, such as older adults and 

those undergoing rapid weight loss. They also show that biological bone-muscle crosstalk may 

influence tissue health during unloading differently as a function of pharmaceutical use and age. 

Further investigation into these topics will be needed to reduce unintended harms of 

pharmaceutical treatments on musculoskeletal health.  
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Appendix 1: Weight-based access to care barriers in orthopaedics 
Abstract 

Background - Many orthopedic surgeons choose not to perform joint arthroplasty on patients with a body 

mass index (BMI) of 35 or above, citing poorer outcomes and increased procedure risk. Identifying and 

addressing factors surgeons use to determine procedure BMI cutoffs are necessary to increase access to 

orthopaedic care for this growing patient population. This will help reduce healthcare disparities while also 

identifying clinical facilities, equipment, training, and procedures that require improvements to 

accommodate larger individuals. 

Methods - Orthopaedic surgeons were surveyed to identify surgeon-specific BMI cutoffs for hip and knee 

arthroplasty. The survey was circulated within the California Orthopaedic Association (COA) report during 

March 2023. Questions aimed to identify BMI cutoffs and justifications such as infection risk, co-

morbidities, inadequate equipment, and the American Academy of Orthopaedic Surgeons (AAOS) 

guidelines. Data on decision making about BMI cutoffs and exceptions were also collected.   

Results - 75% of respondents use BMI cutoffs for hip and knee arthroplasty. 91% of respondents indicated 

they are either wholly or partially responsible for setting procedure BMI cutoffs. Mean hip and knee 

arthroplasty BMI cutoffs were 40.5 and 41, respectively. Four categories for BMI cutoff justifications were 

identified: 1) risk of complications; 2) surgery logistics; 3) concerns about facilities or resources; and 4) 

surgeon perception.  

Conclusions – BMI-based justifications for denial of care define key addressable areas of improvement 

that can increase access to care for life-changing orthopaedic surgeries such as THA and TKA. Insight 

from the queried surgeons will help drive future research areas to address this need. 

 

Key Words: BMI, arthroplasty, osteoarthritis, weight stigma 

Introduction 

The average weight of Americans has been increasing over the past several decades [347-350], and so is 

the demand for orthopaedic surgeries [351-353]. However, patients with larger body sizes may not have 
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the opportunity to pursue some elective orthopaedic procedures. Many orthopaedic surgeons have BMI 

limits, or cutoffs, for elective surgeries, citing poorer outcomes and increased procedure risk [354-357]. 

These risks can include increased infection rate, cardiac conditions, adverse reaction to anesthesia, and 

other life-threatening complications.  

 

Total Hip Arthroplasty (THA) and Total Knee Arthroplasty (TKA) procedures are mainly conducted on 

patients with severe osteoarthritis (OA), many of whom have larger body sizes as high body mass has been 

identified as a risk factor for OA [358, 359]. Access to THA and TKA surgeries can be limited at the 

discretion of surgeons and medical facilities based on multiple risk factors. One of these risk factors is the 

Body Mass Index (BMI) of the patient. BMI was originally known as the Quetelet Index after the Belgian 

polymath who developed it in the 1830s to define the average man [360]. These statistics were based on 

Western European men of the time and did not consider other genders, ethnicities, or health factors [360, 

361]. Ancel Keys [362, 363] rebranded the Quetelet Index to the Body Mass Index (BMI) in 1972 to support 

his nutritional assertions. It was later adopted by health insurance companies [364] and medical 

professionals as a quantitative metric to gauge the overall health of a patient [363, 364]. BMI is still being 

used today by many orthopaedic surgeons with the effect of restricting access to life-changing surgeries 

such as THA and TKA.  

 

BMI cutoffs for THA and TKA are often as low as 30 or 35 [365].  Previous research and surveys have 

identified that risk of infections and complications are a major reason for these cutoffs[365], but do not go 

into specifics that can help drive research directions. The American Academy of Orthopaedic Surgeons 

(AAOS), the major professional organization for orthopedic surgeons in the US, recommends that THA 

and TKA surgeries should have a BMI cutoff of 40 [366]. The reason for differences between the AAOS 

guidelines and practicing California surgeon BMI cutoffs is unknown. To investigate the specifics of this 

discrepancy and the prevalence of BMI cutoffs in the state, we designed a survey for distribution to 

members of the California Orthopaedic Association (COA). The survey audience was orthopaedic surgeons 
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who regularly perform THA and/or TKAs. This study does not aim to identify if a patient should lose 

weight, but rather what barriers exist that prevent a patient at a higher weight in undergoing THA or TKA 

from a qualified orthopaedic surgeon. The questions were focused on identifying BMI cutoffs, pinpointing 

justifications for these cutoffs, and organizing these justifications into actionable categories to help reduce 

access to care disparities for individuals with a BMI over 35. With insight from these practicing orthopaedic 

surgeons, this study aimed to identify future areas of research that can increase access to care and clinical 

outcomes for millions. Specifically, we wanted to 1) discover the prevalence of BMI cutoffs; 2) identify 

BMI cutoff decision-making authorities; 3) identify currently used BMI Cutoffs, where applicable; and 4) 

document the BMI Cutoff Justifications used by California orthopaedic surgeons.  

 

Materials and Methods 

 

Survey Design and Distribution:   

This survey was designed to identify key factors impacting access to hip and knee arthroplasty based on 

patient BMI in California. It was optimized to meet this goal with guidance from the UC Davis Health 

School of Medicine Office of Research Evaluation unit. The survey was pretested by an experienced 

orthopaedic surgeon (GCP) and questions were modified for clarity. The University of California, Davis 

Institutional Review Board determined this research was exempt from IRB approval as no personal 

identifying information or patient information was collected. The questions were distributed as a cross-

sectional survey in Qualitrics (Qualtrics XM, Seattle, WA) within the California Orthopaedic Association 

(COA) report, the weekly COA newsletter, during March 2023. Members who had signed up to receive 

email alerts received this email. The report is also available online to the public on the COA Report website. 

It was designed as a preliminary study that would later be used to gauge nationwide BMI cutoff usage and 

justifications.  
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This survey consisted of 13 questions, the first of which collected data about the respondent’s surgical 

practice. Subsequent questions were aimed at gauging the prevalence and degree of BMI cutoffs currently 

employed by Californian orthopaedic surgeons for THA and TKA. Years of practice, whether the surgeons 

use BMI cutoffs, and the respective BMI limits for surgeries were requested. To identify reasons surgeons 

used BMI cutoffs, the survey asked who is wholly or partially responsible for BMI decisions for both THA 

and TKA, as well as what factors or justifications were used to determine these limits. Multiple selections 

were allowed via a “select all that apply” instructions, and additional factors could be added through an 

“other: please specify” option. Justifications were categorized in the analysis as a framework for future 

investigation on this topic. All responses were required except for one which asked for any additional 

comments respondents would like to offer. Full survey questions are available in Appendix A. 

 

Collected Responses: Out of 39 respondents, 33 completed the questionnaire (84.6% completion rate). This 

study was designed to assess California orthopaedic surgeons who perform THA/TKA. Therefore, this 

analysis includes data from 32 respondents who reported that they performed hip and/or knee arthroplasties. 

One respondent stated that they did not perform those surgeries, so their responses were not included in the 

analysis.  

 

Data analysis: Data analysis was conducted on Microsoft Excel (Redmond, WA, USA) and Prism 10 (La 

Jolla, CA, USA).  
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Results 

Prevalence of BMI Cutoffs: 

Overall, 75% of respondents that perform THA and/or TKA 

self-reported using BMI cutoffs. Surgeons with more years 

of experience were less likely to use BMI cutoffs for these 

surgeries (Fig. 1). All respondents with 15 or fewer years of 

experience used BMI cutoffs for both THA and TKA. For 

surgeons with 16-20 years of experience, all used BMI 

cutoffs for THA, but only 75% used cutoffs for TKA. A 

majority of surgeons with over 20 years of experience used BMI cutoffs for both THA and TKA, but the 

prevalence of BMI cutoff use tended to decrease with more years of experience. 

 

BMI Cutoff Decision Making: 

Surgeons were asked, in general for both surgeries, about their BMI cutoff decision making. 91% of 

surgeons said they had partial or total decision-making power about whether to use a BMI cutoff for THA 

and TKA surgeries and what cutoff number to use (Fig. 2). 69% reported the cutoff was at their sole 

decision. Only 6% of respondents listed their department or another entity as the sole decision makers.  

 

BMI Cutoffs Numbers: 

Mean THA and TKA BMI cutoffs were 40.5 and 41, respectively (Fig. 3). Many surgeons used BMI cutoff 

numbers that were higher or lower than suggested by the AAOS. 
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BMI Cutoff Justifications: 

Surgeons were asked to identify justifications in their BMI cutoff decisions for both THA and TKA. The 

most common justifications identified by respondents were infection rate (75%) and difficulty of surgery 

(59%)  
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Figure 4. BMI Cutoff justifications for Californian orthopedic surgeons performing hip and knee arthroplasties. (Abbreviations: 

BMI: Body Mass Index, DVT: Deep vein thrombosis, AAOS: American Academy of Orthopaedic Surgeons) 

(Fig. 4). Other justifications based on complications with surgery included blood clot/DVT risk (38%) 

and concerns about anesthesia (25%). Other concerns with performing the surgery included the increased 

length of surgery (30%). Justifications based on surgeon perception included the risk of implant failure 

(27%) and concerns about patient lifestyle or non-compliance (21%). Relatively few respondents were 

concerned about facilities or resources including hospitalization time (15%), lack of proper equipment 

(15%), and rehab/PT availability (9%). For further analysis, these justifications were categorized (Fig. 5). 

This included possible areas to be address by future research (Fig. 5A), issues that could be addressed 

with additional training (Fig. 5B), issues that could be addressed with updated facilities and resources 

(Fig. 5C), and issues that may be due to surgeon perception or bias (Fig. 5D).  
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Figure 5. Categorized BMI Cutoff justifications for Californian orthopedic surgeons performing hip and knee arthroplasties. 

Four categories for BMI cutoff justifications were identified:  A) increased risk of complications, B) logistics for performing 

surgeries, C) concerns about facilities or resources, and E) surgeon perception. (Abbreviations: BMI: Body Mass Index, DVT: 

Deep vein thrombosis, AAOS: American Academy of Orthopaedic Surgeons). 
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proportion of relevant surgeons to glean important information regarding BMI cutoffs for these surgeries. 

Through their responses, we were able to assess the prevalence and specific cutoff numbers for these 

procedures. We also identified four categories for BMI cutoff justifications including 1) increased risk of 

complications, 2) logistics for performing surgeries, 3) concerns about facilities or resources, and 4) surgeon 

perception.   

 

Our resulting average values (BMI cutoffs of 40.5 and 41 for THA and TKA, respectively) are in line with 

another survey distributed nationally to the American Association of Hip and Knee Surgeons Research 

Committee members, though the western/Pacific northwest portion of their respondents had a markedly 

lower BMI cutoff than present in our data [365]. The Western/Pacific northwestern portion makes up just 

13% of their total study population, so  their aggregated findings may not represent Californian surgeons.  

 

Research Gaps 

Justifications for denying a THA or TKA due to a high BMI pertaining to surgery-related complications 

represent areas for future research (Fig. 4B). Medical complications can arise during surgery, 

perioperatively, and post-operatively with varying levels of severity. Database studies frequently compare 

the rate of complications as a function of BMI category (underweight, normal weight, overweight, and the 

obesity classes). Complications that correlate with increased BMI can include cardio-respiratory issues, 

infection, and the need for revisions [367]. Surgery-related issues can lead to longer hospital stays and 

increased resource utilization and cost of care [368, 369], but not in all cases [369, 370]. Additionally, the 

literature currently has no consensus on the prevalence of these issues after THA and TKA in different BMI 

categories. Certain clotting conditions, such as pulmonary embolism, exhibit a higher likelihood in 

individuals with elevated BMI, whereas others, like deep vein thrombosis, remain unaffected by variations 

in patient weight [371]. Readmission and infections, including surgical site infections and perioperative 

joint infections, are one of the most identified risks of high BMI individuals [369, 372-375], though the 

correlation of BMI and infection risk is not clear for all surgeons or operations [376]. There is also no 



 139 

consensus as to the impact of BMI on THA and TKA on overall functional outcomes [369, 377-379]. The 

pro-inflammatory state in an high BMI patient puts them at a higher risk of Perioperative cardiac and 

respiratory complications [380]. Due to the metabolic syndrome seen in bariatric patients, there is an 

increased risk of cardiac morbidity and mortality, in general, but this has not been defined in the joint 

arthroplasty population due to the extremely low mortality rates. Similarly, respiratory challenges in high 

BMI patients during and after surgery include hypoxia, need for higher positive end-expiratory pressure 

(PEEP), higher incidence of OSA (Obstructive Sleep Apnea) and higher risk of intensive care unit (ICU) 

admissions [381]. There is some evidence to suggest that operative times are also increased in patients with 

higher BMI [367, 382].  

 

Orthopaedic research may be able to close several knowledge gaps that prevent safe surgeries on high BMI 

individuals including infection rate, blood clot/DVT risk, and adverse effects of anesthetics. Understanding 

the mechanisms that increase these issues in higher weight bodies, whether biological or procedure based, 

will help advance translational research that benefits patients of all sizes. As the average BMI of Americans 

increases, new research should be conducted to apply treatments of past studies to larger body sizes. Future 

medical studies and clinical trials should include a range of BMIs to reflect the impact of these treatments 

on a representative sample of patients that represent all patient populations.  

 

Training 

Perceived difficulty of surgery, increased length of surgery, and adverse effects of anesthetics on high BMI 

patients may be addressable by increased and specific training on caring for patients with larger body sizes 

(Fig. 4C) [380]. With practice, surgery difficulty and length can be reduced, and anesthesia application can 

be improved. Additionally, the negative correlation between years of experience and percentage of surgeons 

implementing BMI cutoffs for joint arthroplasty could represent a variety of training-related issues. These 

concerns could indicate that medical schools and residency programs are not adequately preparing trainees 

for operating on high BMI individuals, requiring years of post-graduation and post-residency experience to 
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adequately serve these patients. This is consistent with research about bias in medical schools and those 

training in healthcare fields [383]. Additionally, it is a possibility that the more experienced surgeons can 

handle the complexities of the surgery better than their younger counterparts or that they are just not aware 

of the AAOS guidelines (or chose to ignore them because of lived experience).  

 

Facilities 

Hospitalization time, lack of proper equipment, and rehabilitation/physical training availability were less 

influential on a surgeon’s chosen BMI cutoff (Fig. 4D). However, these factors are still a systemic concern 

for hospitals around the US [384-386]. Developing a system to share equipment between orthopaedic 

surgery and bariatric surgery centers could help address any concerns related to access to appropriate 

facilities and equipment.  

 

Surgeon Perception and Bias 

In some cases, surgeons being unable or unwilling to operate on higher BMI individuals may be influenced 

by implicit or explicit anti-fat bias. Concerns about lifestyle and assumed non-compliance after surgery 

indicate an unspoken moral standard has been applied to high BMI patients. These prejudices heavily 

impact patient wellbeing beyond denial of care [387-390]. Patients that experience weight stigma have 

worse outcomes and morbidities compared to high BMI patients that have not experienced this stigma 

[390]. Increased body size may add difficulty or length to surgery, but these concerns would likely be 

mitigated with proper training and resources. Length of surgery as a justification to avoid high BMI joint 

arthroplasty patients may also reflect anti-fat bias. A metadata analysis of over 5 million patients found that 

mean surgery times were increased for high BMI patients by just 6 minutes for all surgeries (from 83 to 89 

minutes) and 7 minutes for orthopaedic surgeries (from 76 to 83 minutes) [367]. THA and TKA surgeries 

carry a much shorter operation time than other elective orthopaedic procedures, and length of surgery can 

be impacted by many factors beyond weight, including inter-surgeon variability, available support staff, 

and even day of the week [391-393]. Inadequate training, education, and facilities, as well as provider bias, 
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all impact the ability of high BMI individuals to receive life-changing healthcare. This is a growing issue 

in many medical fields. As the population weight increases, so will the medical costs associated with 

delayed or avoided medical care. A scarcity of orthopaedic surgeons that are able and willing to perform 

surgeries on larger individuals will increase these issues unless policies and medical training are modified 

to be more accommodating of high BMI patients.  

 

There is currently no consensus about the impact of BMI on implant failure based on implant survival and 

surgery outcomes [356, 377, 394-397]. Studies have found that there is no difference in knee prosthesis 

failures or outcomes regarding BMI or total body weight [356, 396, 397]. Others suggests that high BMI 

demonstrate increased infection rates in THA and TKA, and that reduced outcomes may be due to higher 

BMI at younger ages [398, 399]. Research has demonstrated increased dislocations of hip arthroplasty 

related to BMI [394, 395], but that mechanical failure and aseptic loosening were not correlated with BMI 

[395]. Several implant manufacturers include high BMI as a contradiction for the use of their products, 

though some researchers have shown that the forces on an implant reduce with height more so than weight, 

so BMI based cutoffs may be unjustified with respect to implant failure [377]. Despite these conflicting 

studies, the majority acknowledge that joint arthroplasty surgeries still provide a vast improvement to the 

quality of life of high BMI patients. THA and TKA surgeries carry extremely high success and satisfaction 

rates compared to other elective surgeries, so while many factors go into a surgeon's decision about whether 

to operate on a patient, concerns about implant failure should not be primary factor affecting this decision. 

 

Professional Organization Guidelines 

We found that less than 1 out of 4 Californian orthopaedic surgeons used the national AAOS guidelines as 

a key factor for their BMI cutoff selection. Current AAOS guidelines cite reduced clinical outcomes for 

individuals with high BMI based on “strong evidence.” However, a review of the few provided publications 

cited on the AAOS OrthoGuildelines website at the time of publication [400, 401] demonstrated conflicting 

evidence. BMI/Obesity received their highest risk factor recommendation of “Strong Recommendation” 
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for TKA based on the articles cited on these pages. However, several of these publications stated that 

outcomes are not correlated with BMI. [356, 396, 400-402]. For example, Judge et al determined that there 

were no reduced outcomes in higher BMI individuals, and that BMI should not be an access to care barrier 

given the benefits of TKA [396, 397]. The main risk factors listed for high BMI individuals were wound 

complications, such as surgical site infections, and reduced functional outcomes. However, outcomes such 

as Knee Society scored were still higher for high BMI patients post-TKA than their pre-clinical range and 

function scores [357], demonstrating that this surgery still provided an improvement in function for these 

individuals. The AAOS and similar professional organizations should revisit their BMI cutoff guidelines 

and justifications to better mirror current understandings in the field, such as those cited by this study, which 

Californian surgeons are currently using to inform their own BMI cutoffs.  

 

Conclusions 

Access to THA and TKA for high BMI individuals in California is mostly determined by the orthopaedic 

surgeon that would perform their surgery. These orthopaedic surgeons, as well as the medical facilities 

where they practice, have an opportunity to provide life-changing relief to osteoarthritis patients suffering 

from pain and mobility issues. Improvements in training, more accommodating facilities, updated 

institutional policies, bias training, and orthopaedic research aimed at addressing surgical complications in 

high BMI individuals may increase equitable access to healthcare to high BMI patients.  
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Appendix 2: Differentially expressed genes (tibia) 
 

 Ensembl ID baseMean log2FoldChange lfcSE stat pvalue padj symbol 

ENSMUSG00000059824 130.803727 -1.5224962 0.22245952 -6.8439246 7.71E-12 1.31E-07 Dbp 

ENSMUSG00000008874 432.126679 -1.5315917 0.25949292 -5.9022486 3.59E-09 3.05E-05 Clec3a 

ENSMUSG00000144056 723.622077 -1.3736004 0.27079555 -5.072463 3.93E-07 0.0022236   

ENSMUSG00000035258 291.324618 -0.6938897 0.13851094 -5.0096379 5.45E-07 0.00231586 Abi3bp 

ENSMUSG00000038119 164.8287 -0.9911091 0.20189498 -4.9090328 9.15E-07 0.00310953 Cdon 

ENSMUSG00000127251 5822.28349 1.16039474 0.23922136 4.85071538 1.23E-06 0.00348282   

ENSMUSG00000004105 305.95374 -0.7073859 0.14962685 -4.7276669 2.27E-06 0.00482249 Angptl2 

ENSMUSG00000028957 247.904145 -0.7336977 0.15463779 -4.7446208 2.09E-06 0.00482249 Per3 

ENSMUSG00000026574 84.6325984 -1.2358126 0.26724476 -4.6242723 3.76E-06 0.00660539 Dpt 

ENSMUSG00000034463 635.262584 -0.5019602 0.108714 -4.6172547 3.89E-06 0.00660539 Scara3 

ENSMUSG00000066687 80.1998874 1.34487995 0.30128684 4.46378584 8.05E-06 0.01243511 Zbtb16 

ENSMUSG00000004709 120.151565 0.99859044 0.23229284 4.29884304 1.72E-05 0.02430443 Cd244a 

ENSMUSG00000028780 56.2889923 -0.9846243 0.23474025 -4.194527 2.73E-05 0.034838 Sema3c 

ENSMUSG00000037406 89.8072545 -1.2867991 0.30759294 -4.183448 2.87E-05 0.034838 Htra4 

ENSMUSG00000040280 102.095053 -0.9162507 0.2243126 -4.0847046 4.41E-05 0.04997906 Ndufa4l2 
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Appendix 3: Differentially expressed genes (soleus) 
 

  baseMean log2FoldChange lfcSE stat pvalue padj symbol 

ENSMUSG00000066687 66.9582806 -1.6561282 0.26015398 6.36595362 1.94E-10 1.68E-06 Zbtb16 

ENSMUSG00000033124 28.3977905 -1.4952745 0.26403183 5.66323571 1.49E-08 3.24E-05 Atg9a 

ENSMUSG00000131965 21.4064155 -1.7147351 0.30281931 5.66256847 1.49E-08 3.24E-05   

ENSMUSG00000033624 18.3117907 -1.7393344 0.30191459 5.76101461 8.36E-09 3.24E-05 Pdpr 

ENSMUSG00000141867 40.0555421 -1.3604412 0.24333238 5.59087604 2.26E-08 3.92E-05   

ENSMUSG00000131051 21.600001 -1.562156 0.29635188 5.2712877 1.35E-07 0.00016796   

ENSMUSG00000114382 126.706682 -1.4257837 0.27036593 5.27353312 1.34E-07 0.00016796 Gm4814 

ENSMUSG00000022822 94.233606 0.83013043 0.15965122 -5.1996499 2.00E-07 0.00021661 Abcc5 

ENSMUSG00000143965 22.820776 -1.6050406 0.31490096 5.09696931 3.45E-07 0.00033282   

ENSMUSG00000120539 22.2766691 -1.362763 0.27072108 5.03382677 4.81E-07 0.00041727 Gm56507 

ENSMUSG00000026950 4921.46903 -0.6298586 0.12613326 4.99359668 5.93E-07 0.00042863 Neb 

ENSMUSG00000137922 17.5829444 -1.904634 0.3805197 5.00534924 5.58E-07 0.00042863   

ENSMUSG00000109017 153.709618 -1.0622111 0.22207267 4.7831689 1.73E-06 0.00106971 Gm38979 

ENSMUSG00000114968 22.1161428 -1.9514247 0.40695515 4.79518364 1.63E-06 0.00106971 A630019I02Rik 

ENSMUSG00000087530 53.5958438 -1.5070964 0.31951187 4.71687137 2.39E-06 0.00138574 Gm15533 

ENSMUSG00000138003 12.3383941 -1.6667797 0.35482539 4.69746469 2.63E-06 0.00142884   

ENSMUSG00000086741 108.532256 -0.9942374 0.2136618 4.65332301 3.27E-06 0.00157489 Gm15816 

ENSMUSG00000069601 143.866752 -0.7486505 0.16066372 4.65973606 3.17E-06 0.00157489 Ank3 

ENSMUSG00000110711 95.7656979 -1.4515919 0.3164542 4.58705212 4.50E-06 0.00195082 Gm45760 

ENSMUSG00000087253 27.5927736 -1.8352837 0.39938032 4.59532841 4.32E-06 0.00195082 Gm12043 

ENSMUSG00000142523 12.6437899 -1.8543854 0.41187057 4.50234993 6.72E-06 0.00277754   

ENSMUSG00000038034 99.8210316 -0.7891417 0.17571476 4.49103831 7.09E-06 0.00279609 Igsf8 

ENSMUSG00000032393 99.141508 -0.7971579 0.17879163 4.45858612 8.25E-06 0.00302939 Dpp8 

ENSMUSG00000112841 36.2768348 -1.8630679 0.41816786 4.45531099 8.38E-06 0.00302939 Gm48752 

ENSMUSG00000056071 35.3938028 -5.3894066 1.21404319 4.43922143 9.03E-06 0.00313433 S100a9 

ENSMUSG00000033400 314.362194 -1.205822 0.27240701 4.42654564 9.58E-06 0.00319635 Agl 

ENSMUSG00000040118 276.773235 -0.5713993 0.13086748 4.36624324 1.26E-05 0.00396808 Cacna2d1 

ENSMUSG00000030753 179.613648 -0.723951 0.16648842 4.34835647 1.37E-05 0.00396808 Thap12 

ENSMUSG00000061983 349.792599 0.58389512 0.13409313 -4.3543998 1.33E-05 0.00396808 Rps12 

ENSMUSG00000073375 75.4863103 -1.0084682 0.23175084 4.35151918 1.35E-05 0.00396808 Lrrc30 

ENSMUSG00000051391 285.342729 -0.5765755 0.1335686 4.31669947 1.58E-05 0.00429555 Ywhag 

ENSMUSG00000022139 253.694966 -0.8096339 0.18750309 4.31797612 1.57E-05 0.00429555 Mbnl2 

ENSMUSG00002076463 21.9433113 -1.18772 0.27603177 4.30283794 1.69E-05 0.00443482 Gm55944 

ENSMUSG00000025006 70.1393175 -1.1456037 0.2676879 4.27962469 1.87E-05 0.00477878 Sorbs1 

ENSMUSG00000026123 61.9506637 -0.7943376 0.18635052 4.2625991 2.02E-05 0.00490024 Plekhb2 

ENSMUSG00000120290 14.0814816 -1.4598168 0.34257705 4.26128018 2.03E-05 0.00490024 Gm56959 
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ENSMUSG00000131897 33.0803131 -1.0387093 0.24469295 4.24494975 2.19E-05 0.0049605   

ENSMUSG00000055053 235.712545 -0.710484 0.16711477 4.25147329 2.12E-05 0.0049605 Nfic 

ENSMUSG00000009073 80.8100961 -0.6596732 0.15556064 4.24061783 2.23E-05 0.0049605 Nf2 

ENSMUSG00000020634 44.3616878 -1.1308123 0.26706343 4.23424612 2.29E-05 0.00497566 Ubxn2a 

ENSMUSG00000032484 27.6372515 -6.6896852 1.60266157 4.17410973 2.99E-05 0.00633257 Ngp 

ENSMUSG00000033863 143.08753 -0.9213789 0.22238662 4.14314025 3.43E-05 0.00707922 Klf9 

ENSMUSG00000026883 85.6549363 -0.7885814 0.19115773 4.12529202 3.70E-05 0.00747332 Dab2ip 

ENSMUSG00000031543 289.152853 -0.8165419 0.19833206 4.11704422 3.84E-05 0.00756971 Ank1 

ENSMUSG00000025326 80.6091901 -0.5818145 0.1419832 4.09777006 4.17E-05 0.00804542 Ube3a 

ENSMUSG00000129224 12.7429544 -1.3799741 0.33839605 4.07798516 4.54E-05 0.00857102   

ENSMUSG00000093674 330.777086 0.51662618 0.12810689 -4.0327742 5.51E-05 0.00996679 Rpl41 

ENSMUSG00000036450 129.311899 -0.7886387 0.19553975 4.03313748 5.50E-05 0.00996679 Hif1an 

ENSMUSG00000028766 12.465005 -1.3909365 0.34736841 4.00421122 6.22E-05 0.0110214 Alpl 

ENSMUSG00000067279 243.723512 -1.2983739 0.32488213 3.99644588 6.43E-05 0.01116129 Ppp1r3c 

ENSMUSG00000047419 1478.54308 -0.9653547 0.24234351 3.98341455 6.79E-05 0.01156045 Cmya5 

ENSMUSG00000131335 14.2683369 -1.4673797 0.3698882 3.96708986 7.28E-05 0.01214318   

ENSMUSG00000020671 243.98499 -0.7564574 0.19180829 3.94381999 8.02E-05 0.01313212 Rab10 

ENSMUSG00000020821 587.13151 -0.7634295 0.19426842 3.92976635 8.50E-05 0.01366596 Kif1c 

ENSMUSG00000027288 841.157718 -0.7453266 0.19232421 3.87536529 0.00010646 0.01517756 Zfp106 

ENSMUSG00000038375 351.528723 -0.7783521 0.200871 3.87488543 0.00010667 0.01517756 Trp53inp2 

ENSMUSG00000037111 132.145228 -0.8239279 0.2114937 3.895756 9.79E-05 0.01517756 Setd7 

ENSMUSG00000144165 27.1921147 -1.0599335 0.27337234 3.87725233 0.00010564 0.01517756   

ENSMUSG00000040550 53.7967749 -0.7156491 0.18429016 3.88327356 0.00010306 0.01517756 Otud6b 

ENSMUSG00000039952 175.641905 -0.8629373 0.22232769 3.88137565 0.00010387 0.01517756 Dag1 

ENSMUSG00000042524 107.018098 -0.6547064 0.16833821 3.88923211 0.00010056 0.01517756 Sun2 

ENSMUSG00000130634 14.0776455 -1.321154 0.34218935 3.86088579 0.00011298 0.01581492   

ENSMUSG00000121052 139.469893 -1.0663515 0.27688561 3.85123483 0.00011752 0.01619029 Gm56551 

ENSMUSG00000034055 326.990252 -1.3062172 0.33960478 3.84628632 0.00011992 0.0162625 Phka1 

ENSMUSG00000120274 43.1260795 -1.237213 0.3222967 3.83873916 0.00012367 0.01651249 Gm56882 

ENSMUSG00000090990 179.545301 -1.6012743 0.41841611 3.82699 0.00012972 0.01705815 Gm17197 

ENSMUSG00000000131 138.487541 0.85798926 0.22464641 -3.8192877 0.00013384 0.01707308 Xpo6 

ENSMUSG00000051236 87.9006887 -0.5607078 0.14708016 3.81225988 0.0001377 0.01707308 Msrb3 

ENSMUSG00000139856 17.6280905 -1.4341432 0.37526324 3.82169925 0.00013254 0.01707308   

ENSMUSG00000031010 36.1279726 -0.8558406 0.22429849 3.81563261 0.00013583 0.01707308 Usp9x 

ENSMUSG00000044461 37.1141315 -0.9909682 0.26048109 3.80437681 0.00014216 0.01737776 Shisa2 

ENSMUSG00000009112 66.1690817 -0.665101 0.17504536 3.79959207 0.00014493 0.01747064 Bcl2l13 

ENSMUSG00000020067 447.636843 -0.6604317 0.17461387 3.78224107 0.00015542 0.01798552 Mypn 

ENSMUSG00000120133 90.7748026 -1.004554 0.26517888 3.78821277 0.00015173 0.01798552 Gm56945 

ENSMUSG00000048546 79.2292114 -0.8911449 0.23554171 3.78338447 0.00015471 0.01798552 Tob2 
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ENSMUSG00000045983 477.521134 -0.5333902 0.1418748 3.75958382 0.0001702 0.01943596 Eif4g1 

ENSMUSG00000021096 138.000263 -0.489614 0.13047996 3.75240722 0.00017514 0.01974131 Ppm1a 

ENSMUSG00000026229 103.605864 -1.0022662 0.26940864 3.7202452 0.00019903 0.02214585 Psmd1 

ENSMUSG00000032050 162.619092 -0.4396871 0.11855034 3.70886443 0.00020819 0.02287201 Rdx 

ENSMUSG00000123692 15.4417824 -2.2521 0.61036383 3.68976645 0.00022446 0.02435042   

ENSMUSG00000143258 330.222249 -1.6417867 0.44533753 3.68661205 0.00022726 0.02435042   

ENSMUSG00000086297 14.0355711 -1.4159879 0.38517737 3.67619696 0.00023674 0.02505657 Gm15632 

ENSMUSG00000052337 208.118852 -0.5477798 0.14944939 3.66531954 0.00024703 0.02552349 Immt 

ENSMUSG00000021061 239.787525 -0.9260816 0.25262512 3.66583329 0.00024653 0.02552349 Sptb 

ENSMUSG00000037573 205.572246 -0.7430021 0.20360681 3.64920047 0.00026306 0.02654742 Tob1 

ENSMUSG00000024163 62.5272646 0.61005161 0.16708774 -3.6510854 0.00026113 0.02654742 Mapk8ip3 

ENSMUSG00000056054 28.8226381 -4.5615873 1.25159438 3.64462114 0.00026779 0.02671396 S100a8 

ENSMUSG00000038170 2371.47994 -0.6806122 0.18793651 3.62150066 0.0002929 0.02883094 Pde4dip 

ENSMUSG00000021495 53.6942793 0.73311522 0.20256943 -3.6190812 0.00029565 0.02883094 Fam193b 

ENSMUSG00000026822 21.9216741 -3.7023768 1.02405292 3.61541548 0.00029987 0.02891711 Lcn2 

ENSMUSG00000022265 165.407057 -0.5991612 0.16658478 3.59673404 0.00032224 0.03054856 Ank 

ENSMUSG00000038084 74.3336538 -0.6057859 0.16848653 3.59545598 0.00032382 0.03054856 Opa1 

ENSMUSG00000038615 795.945115 -0.6307775 0.17567847 3.59052249 0.00033002 0.03079792 Nfe2l1 

ENSMUSG00000034472 14.0021782 -3.4493283 0.96158843 3.58711498 0.00033436 0.0308711 Rasd2 

ENSMUSG00000027651 47.5397955 -0.6466983 0.18070138 3.57882335 0.00034514 0.03151617 Rprd1b 

ENSMUSG00000037622 106.04727 -0.7113582 0.19891376 3.5762142 0.00034861 0.03151617 Wdtc1 

ENSMUSG00000092596 14.1465424 -1.2359863 0.34633991 3.56870889 0.00035874 0.03177088 Gm20490 

ENSMUSG00000138621 14.8188268 -1.1243458 0.31501539 3.56917745 0.0003581 0.03177088   

ENSMUSG00000008226 38.4185325 -0.853887 0.24007311 3.556779 0.00037543 0.03182313 Scrn3 

ENSMUSG00000051747 9359.88362 -0.5774108 0.1621687 3.56055628 0.00037007 0.03182313 Ttn 

ENSMUSG00000068823 712.84525 -0.6511395 0.18328146 3.55267526 0.00038133 0.03182313 Csde1 

ENSMUSG00000038708 436.635723 -0.6818572 0.19155424 3.55960377 0.00037141 0.03182313 Golga4 

ENSMUSG00000020169 12.3433664 -1.254861 0.35211188 3.5638132 0.00036551 0.03182313 Best3 

ENSMUSG00000041329 88.5004442 -1.9220966 0.5407347 3.55460197 0.00037855 0.03182313 Atp1b2 

ENSMUSG00000030554 414.643958 -0.8201133 0.23120534 3.54712102 0.00038947 0.03200834 Synm 

ENSMUSG00000013076 677.076759 -0.7805252 0.22021329 3.54440567 0.0003935 0.03200834 Amotl1 

ENSMUSG00000025161 47.0383711 -2.059686 0.58123176 3.54365697 0.00039462 0.03200834 Slc16a3 

ENSMUSG00000073702 260.383491 0.4238872 0.12018193 -3.5270461 0.00042022 0.03302715 Rpl31 

ENSMUSG00000106375 71.7202272 -2.0592899 0.58395927 3.5264272 0.00042121 0.03302715 Gm43361 

ENSMUSG00000035284 17.2458633 -0.9220151 0.26180737 3.52173102 0.00042874 0.03302715 Vps13c 

ENSMUSG00000086918 46.839937 -0.7013625 0.19917789 3.52128694 0.00042946 0.03302715 4930429F24Rik 

ENSMUSG00000057181 27.7673104 -0.8570395 0.24286788 3.52883003 0.0004174 0.03302715 5730455P16Rik 

ENSMUSG00000097413 52.923861 -0.8881793 0.25225591 3.52094531 0.00043001 0.03302715 A830052D11Rik 

ENSMUSG00000042686 209.790492 -0.8195174 0.23348241 3.50997505 0.00044815 0.03310073 Jph1 
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ENSMUSG00000051000 28.8331143 -0.9728809 0.27691601 3.51327083 0.00044263 0.03310073 Fhip1a 

ENSMUSG00000015714 69.2927165 0.60942729 0.17349359 -3.5126791 0.00044361 0.03310073 Cers2 

ENSMUSG00000130125 28.2850665 -1.5377388 0.43824507 3.50885589 0.00045004 0.03310073   

ENSMUSG00000004798 79.0612699 -0.5712165 0.16237313 3.51792541 0.00043493 0.03310073 Ulk2 

ENSMUSG00000126148 40.717275 -0.8138454 0.23213729 3.50587961 0.0004551 0.03319178   

ENSMUSG00000120060 149.496838 0.57240118 0.16349826 -3.5009618 0.00046358 0.03352858 Gm56964 

ENSMUSG00000041695 46.6902176 -0.8657802 0.24822498 3.48788493 0.00048686 0.03463473 Kcnj2 

ENSMUSG00000022371 14.1972082 2.16302115 0.61991529 -3.4892205 0.00048443 0.03463473 Col14a1 

ENSMUSG00000021390 50.6638703 1.59939669 0.45979466 -3.4785021 0.00050422 0.03557858 Ogn 

ENSMUSG00000026827 60.3028654 -1.8197546 0.52585812 3.46054298 0.00053909 0.0374299 Gpd2 

ENSMUSG00000125611 81.7725315 -0.9472726 0.27357944 3.46251396 0.00053515 0.0374299   

ENSMUSG00000021557 44.8447305 -0.5930385 0.17147937 3.45836647 0.00054346 0.03743415 Agtpbp1 

ENSMUSG00000002222 141.57191 -0.4910627 0.14228907 3.45116229 0.00055818 0.03755368 Rmnd5a 

ENSMUSG00000030730 17020.1396 -1.1766713 0.34053761 3.45533435 0.00054961 0.03755368 Atp2a1 

ENSMUSG00000141911 24.9045773 -1.0040126 0.2907855 3.45276028 0.00055488 0.03755368   

ENSMUSG00000022508 76.7363129 -0.9262923 0.26883934 3.44552358 0.00056995 0.03805102 Bcl6 

ENSMUSG00000050708 185.073634 0.53978386 0.15710532 -3.4358088 0.00059079 0.0391192 Ftl1 

ENSMUSG00000032418 135.293786 -0.669794 0.19505358 3.43389767 0.00059497 0.0391192 Me1 

ENSMUSG00000014956 422.63516 -0.4195499 0.12245107 3.42626528 0.00061194 0.03993269 Ppp1cb 

ENSMUSG00000018800 33.4418612 -0.693827 0.20266897 3.42344943 0.00061832 0.0400476 Abca5 

ENSMUSG00000043923 40.7203083 0.72820279 0.21286932 -3.4208912 0.00062416 0.04012675 Cenatac 

ENSMUSG00000028518 102.949188 -1.0051565 0.29406339 3.41816264 0.00063045 0.04023318 Prkaa2 

ENSMUSG00000025404 125.549296 -0.5098851 0.14936445 3.41369799 0.00064088 0.04059971 R3hdm2 

ENSMUSG00000024286 91.2438602 -0.4701499 0.13801545 3.40650191 0.00065801 0.04138316 Ccny 

ENSMUSG00000056602 87.5181018 -0.5885044 0.17308926 3.40000521 0.00067385 0.04207415 Fry 

ENSMUSG00000041028 490.342455 -0.5287912 0.15582359 3.3935245 0.00068999 0.04247132 Ghitm 

ENSMUSG00000024588 112.173215 -0.6794651 0.20019364 3.39403942 0.0006887 0.04247132 Fech 

ENSMUSG00000028278 126.243816 -0.7933319 0.235283 3.37181983 0.00074673 0.0456401 Rragd 

ENSMUSG00000079278 30.907969 -1.982712 0.58905096 3.3659431 0.00076282 0.04627236 Tmem233 

ENSMUSG00000021451 35.2670494 -1.2821928 0.3811319 3.36417066 0.00076774 0.04627236 Sema4d 

ENSMUSG00000026457 251.378735 -0.5970324 0.17774351 3.35895489 0.00078238 0.04682939 Adipor1 

ENSMUSG00000058975 52.9469104 -1.0680818 0.31837463 3.35479574 0.00079424 0.04721353 Kcnc1 

ENSMUSG00000030089 28.2131427 -1.429391 0.42672919 3.34964423 0.00080915 0.04764291 Slc41a3 

ENSMUSG00000079641 128.153185 0.41742933 0.12466077 -3.3485221 0.00081244 0.04764291 Rpl39 
 

 




