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Abstract 

Aim: To determine if there are differences between osteoclasts from the mandible and femur of 1-

year-old mice by evaluating gene expression and differentiation potential. 

Methods: Monocytes were collected from male and female C57BL/6 mice aged to 1-year-old. 

Osteoclast differentiation of the monocytes collected was performed by plating the cells in osteoclast 

media supplemented with 1.5% CMG 14-12 culture supernatant and 5 ng/mL RANKL in preparation 

for differentiation experiments. TRAP staining was done to evaluate the quantity and size of the 

osteoclasts at each skeletal site. qRT-PCR analyzed osteoclast precursor gene expression in the 

mandible and femur. Bulk RNA-Seq allowed for an unbiased look at the overall gene expression 

signature of the monocytes collected from the two skeletal sites.  

Results: Osteoclasts from the mandible of 1-year-old mice were larger in size compared to those in 

the femur, but significantly less in number. The differentially regulated genes with increased 

expression in the mandible are associated with osteoclast lineage commitment, proliferation, and 

inflammation; similar to those in the 2-month old mice. The femur only showed increased expression 

of inflammatory modulators. Bulk RNA sequencing demonstrated that the mandible had more 

upregulated genes compared to the femur, and the pathways enriched in the mandible were distinct 

from those in the femur.  

Conclusions:  

• The osteoclast precursors from the mandible of 1-year-old mice demonstrate differences in 

gene expression and differentiation capabilities compared to the femur. 

• Craniofacial and appendicular regions of the skeleton may be regulated by different 

mechanisms. 

• The femoral data collected from the 1-year-old mice exhibits a more inflammatory 

environment compared to the data collected from 2-month-old mice. 

• The differences seen the in osteoclasts between young and old mice requires further 

investigation, with emphasis in understanding how these difference impact orthodontic tooth 

movement and bone remodeling in older patients. 
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Introduction 

Over the last several years, there has been a considerable increase in the proportion 

of adult patients seeking orthodontic treatment. This movement has evolved from increased 

awareness of what treatment entails, technological advancement in the field, and cosmetic 

concerns. It is a general presumption that orthodontic treatment in the older population 

requires more careful treatment planning due to periodontal risks and the difficulty of 

achieving tooth movements in skeletally mature patients, but there appears to be limited 

publications explaining why this is so. In 1972, Dr. Weiss stated that adults require a longer 

hyalinization period in addition to a longer mobilization period in order to prepare the tissues 

for orthodontic changes[1]. In 2020, Schubert et al. sought to determine the age effect on 

orthodontic tooth movement rate and concluded that the effect of aging as an influencing 

factor is rather unclear[2]. Previous studies lack certainty and data on the cellular processes 

within the craniofacial region in older populations to explain this concept. To understand this 

process, foundational concepts regarding osteoclast physiology need to be understood.  
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Review of the Literature 

The skeleton serves as the structural foundation of the body that supports mobility, 

bodily functions, and protection of vital organs. In addition to its mechanical role, it also 

regulates hematopoiesis, mineral homeostasis, and endocrine function. The bones of the 

skeleton are composed of a mineralized extracellular matrix containing osteoblasts, 

osteocytes, osteoclasts, and collagen[3]. Bone is further differentiated at the tissue level into 

cortical and trabecular layers, with the lamina dura of alveolar bone containing bundle bone. 

This type of bone is considered an anatomical entity that responds to both pathological and 

physiological stresses[3]. This intricate network of bones, joints, and connective tissues 

undergoes continuous adaptation and remodeling throughout life, reflecting the dynamic 

reciprocity between genetic factors, environmental influences, and physiological demands. 

Bone mass and shape continuously adapt to variations in load caused by physical activity, 

mechanical force, hormones, nutrients, and several additional osteogenic signaling 

molecules[4]. This cyclic remodeling is essential for the health and maintenance of this 

highly specialized organ.   

 

Osteoclasts  

Osteoclasts are multinucleated cells of hematopoietic origin that play a pivotal role in 

the bone remodeling process, resorbing old or damaged bone tissue to facilitate skeletal 

adaptation and repair. These cells result from the fusion of mononuclear osteoclast 

precursors derived from the monocyte/macrophage lineage[5].  
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Figure 1. Schematic illustrating transcriptional regulation of osteoclasts.  

 

Both mouse and human hematopoietic monocytes form osteoclasts when cultured in 

the presence of macrophage colony-stimulating factor (M-CSF) and receptor activator of 

NF-κB ligand (RANKL), released by osteoblasts[6]. Osteoclast precursors circulate in the 

blood, like other leukocytes, and are attracted to bone remodeling units in response to 

cytokines, chemokines, and other factors elaborated at sites either destined for or currently 

undergoing resorption[7]. When differentiation is complete, mature osteoclasts tightly adhere 

to bone and develop ruffled borders, multiple plasma membrane folds resembling microvilli, 

sealing zones that isolate the resorptive compartment, and a circular adhesive structure at 

their interface with bone[8],[9]. Chloride channels and proton pumps lie within the ruffled 

borders to facilitate the transport of transcellular acid, which acidifies the resorptive 

compartment[10]. Osteoclasts secrete hydrochloric acid and proteolytic enzymes, including 

TRAP and cathepsin K, to dissolve minerals and degrade organic compounds within the 

sealing zone[11]. However, they can only resorb mineralized bone and do not resorb 

unmineralized or demineralized bone, as bone minerals are required for their sealing zone 

formation[12],[13]. The processes of osteoclast formation and bone resorption have been 
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viewed as energy-intensive steps that require active metabolic reprogramming[10]. Bone 

resorption makes up only one side of the bone remodeling process, with osteoblasts 

responsible for the other process of bone deposition. It is with the precise coordination of 

activities between osteoclasts and osteoblasts that bone remodeling may be accomplished 

and set up the delicate balance essential for skeletal homeostasis[14]. 

 

BMP and WNT Signaling  

To maintain the coordination between osteoclasts and osteoblasts, various pathways 

coordinate the cross talk that occurs between osteoblasts and osteoclasts in the bone 

microenvironment. BMP and WNT signaling pathways are only two of the many that 

regulate the cross talk between osteoclasts and osteoblasts. Osteoblasts and osteoclasts 

actively recruit and stimulate each other through these pathways to repair any bone 

damage or maintain bone homeostasis[15]. It is through either paracrine signaling or contact 

with membrane-bound ligands that they coordinate bone remodeling[16]. Bone morphogenic 

proteins (BMPs) are one of cytokines secreted by osteoblasts that regulate RANKL-

mediated osteoclast differentiation, proliferation, fusion and survival[17]. Inversely, osteoclast 

activity may release a reservoir of growth factors such as BMP2, BMP4 and BMP7 stored in 

bone, eventually stimulating osteoblasts to promote mineralization[18]. Once osteoblasts are 

stimulated, they may then release factors that regulate osteoclast function and 

differentiation, which is required to drive hematopoietic stem cells into the osteoclast 

lineage[19].  

As BMP signaling stimulates osteoblast differentiation, mineralization and survival to 

maintain healthy bone density and to sustain a complex supporting microstructure[20], WNT 

signaling works to promote osteoblast proliferation and differentiation, enhancement of 
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osteoblast and osteocyte survival, and osteoblast commitment from osteo/chondro-

progenitors[21]. WNTs, similar to BMPs, have been implicated in regulating osteoblast 

differentiation[22]. These glycoproteins can be upregulated by BMPs and are secreted for 

development and homeostatic renewal of bone and many other tissues[22]. The intricate 

signaling that occurs between these pathways work with one another towards a similar goal, 

but there are factors that may interfere with this activity. 

 

Effects of Aging on Bone Loss 

Aging is one of the several factors that impact the differentiation and activity of 

osteoclasts which may be manifested as bone loss. It is known that both men and women 

exhibit bone loss with advancing age, but it is unclear what happens at the molecular level 

to cause this or what constitutes normal bone loss rates throughout life. After skeletal 

maturity at approximately the age of 20 years, the amount of cortical bone in many different 

bones has been reported to decrease as a normal response of the aging process[23]. In 

women, annual rates of bone loss were found to increase by 0.5 – 0.9% in the 

perimenopausal period[24], accelerate in the first years after menopausal transition to mean 

annual loss rates above 1%[25], then remain around 1% into old age[26]. In men, small bone 

mineral density loss was detected in the fourth decade of life, increasing with increasing age 

to mean annual loss rates of approximately 0.8% in old age[27]. Additionally, altered systemic 

conditions can affect the homeostatic process of bone remodeling. Osteoporosis is one of 

those systemic conditions which should not be overlooked. Osteoporosis occurs in 

approximately one-third of women over 60 years of age, with 26% of women having 

osteoporotic fractures by 60 years of age and 50% by 75 years of age[28]. This disease may 

manifest in the oral cavity as excessive alveolar ridge resorption, chronic destructive 
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periodontal disease, tooth loss, and referred maxillary sinus pain or fracture[29]. Kribbs et al. 

found a significant correlation between skeletal osteopenia and residual ridge and alveolar 

bone density, particularly in the edentulous mandible[30]. Improper mineral cell activity 

resulting in loss of calcium due to various mechanisms may also result in increased bone 

loss. Calcium metabolism and nutrition are essential for the transport of nutrients within the 

body and if their balance is tampered with, homeostasis would decline and be followed by 

apoptosis[28]. Women lose calcium in different ways: pregnancy, loss of estrogen and 

changes in hormonal balances at menopause, as well as reducing diets that result in 

decreased ingestion of all nutrients. Any loss of calcium results in loss of bone density, thus 

resulting in an osteoporotic state[28].  

 

Bone Analytic Techniques in Regards to Aging  

To understand what is happening at these skeletal sites, different types of analyses 

and techniques have been performed. Radiographs is one example of a method, but are 

only able to detect diseased states like osteopenia where a minimum bone mass loss of 

30% or even 50-60% is needed[31]. Total bone mass (body calcium) can be accurately 

measured by neutron activation analysis, showing a significant correlation with regional 

bone mineral content as measured by photon absorptiometry[31]. In a study done by Kribbs 

et al. in 1983, intraoral microdensitometry demonstrated a high degree of precision within 

different scans of the step wedge and bone of the mandible on the same radiograph as well 

as between scans of wedge of bone and different radiographs[31]. This was also shown to 

compare quite favorably with techniques used determine the bone mass in other bodily 

regions with high precision. Benson et al. utilized panoramic mandibular index, which was 

defined as a radiomorphometric index of mandibular cortical bone mass, to acquire a 



 7 
 
 

preliminary estimation[29]. In addition to analyzing bone mineral content, these skeletal sites 

can be further studied at the molecular level with techniques such as quantitative RT-PCR. 

Quantitative PCR allows analysis of gene expression levels in cells of interest. Clark et al. 

utilized this method to determine changes in gene expression in monocytes isolated from 

the bone marrow from different skeletal sites in young mice to understand mechanisms 

regulating changes in osteoclast differentiation[32]. Single cell RNA sequencing is another 

useful method that provides a comprehensive transcriptional environment for analyzing 

tissue heterogeneity at the individual cell level, allowing exploration of the contribution of 

various cell subtypes to physiological function[33]. Utilizing advanced techniques to analyze 

transcriptomic profile in cells as well as imaging techniques to visualize changes in the bone 

at different skeletal regions may help us correlate transcriptional changes with changes in 

bone architecture.  

 

Literature Supporting Similarities between the Mandible and Femur 

With the various techniques available to study different properties and processes 

within bone, the question on the impact of aging on bone loss can be further narrowed down 

to its effects on types and density of bone. In the mandible, Epker et al. have documented a 

progressive thinning of cortical bone after adulthood is attained, stemming from 

enlargement of the marrow cavity due to a negative bone balance at the cortical-endosteal 

surface in excess of a positive balance at the periosteal surface[34]. The difference in bone 

density seen with aging in the mandible can be further distinguished between cortical and 

trabecular portions in the mandible, where the cortical bone mass appears to diminish 

considerably over the years while the trabecular bone demonstrates individual variation 

amongst all ages[35]. Benson et al. reported that the general trend toward bone loss persists 
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throughout the skeleton although some bones, such as those with a large proportion of 

trabecular bone, are affected earlier and more severely than others[29]. Liu et al. assessed 

alveolar bone samples obtained at autopsy and during third molar extractions and found 

that a significant decrease in pore volume, decrease in lacunar-canalicular pore diameter 

and an increase in density were found with increasing age[36]. With information collected on 

the craniofacial site of the mandible, researchers sought to compare the findings of different 

skeletal sites to each other such as the bones in the craniofacial region and those in the 

appendicular skeleton.  

Two distinct stances on the matter exist with one group of researchers indicating that 

both mandible and femoral sites lose bone with aging while the other group indicates that 

bone is primarily lost in the femur with aging[30, 33, 37, 38]. Henrikson et al. provides support for 

the first viewpoint, reporting that the mandible and long bones both experience age-related 

changes that are affected similarly despite their difference in morphology[37]. Ham et al. 

addressed the assumption that the jaw bones are somehow different from other bones due 

to their difference in ossification (intramembranous in the jaws compared to endochondral in 

the appendicular bones)[39]. Although the terminology tends to suggest that the bone tissue 

developing in these two skeletal sites is different, some investigators believed they were in 

fact the same[39]. Another study by Kribbs et. al. reported findings of similarity between sites 

under the systemic effects of the condition of skeletal osteopenia, stating that residual ridge 

and alveolar bone density does show a significant relationship to total body calcium and 

regional bone mass[30].  More support for similarity between the craniofacial and 

appendicular sites came from a study done by Klemmeti et al., where their study indicated 

that particularly the bone mineral density (BMD) of the buccal part of the mandibular cortex 

correlated remarkably well with that of the femoral column, reflecting the general 
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osteoporotic status of the human body[40]. The comparison of bone loss activity between 

skeletal sites under various conditions continues to be investigated. 

 

Literature Supporting Differences between the Mandible and Femur 

The studies published in the late 1900’s were generally supportive of the theory that 

the craniofacial and appendicular skeletal sites exhibit similar cellular activity with aging. As 

more research has been conducted, studies thereafter have shown that osteoclasts, 

including osteoclastogenesis dynamics, exhibit different characteristics between the 

mandible and long bones[41]. The alveolar bone found in the craniofacial region of the 

skeleton has been reported to differ morphologically and functionally from other bones. Huja 

et al. stated that the remodeling process of alveolar bone occurs more rapidly than that of 

other skeletal bones[42]. This distinction in bone turnover is likely due to the difference in 

germ layer origin, with alveolar bone arising from the neural crest cells of the 

neuroectoderm germ layer and the femur from the mesoderm[43]. Difference in osteogenic 

potential have also been observed, where alveolar-derived bone marrow stromal cells or 

mesenchymal stem cells exhibit higher osteogenic potential compared to other skeletal 

bones[44-48]. In examining the distinct population found in murine mandibular bone marrow, 

myeloid populations were found to consistently make up a lower percentage of the total 

bone marrow population compared to the long bone marrow myeloid populations[33]. 

These skeletal sites are also subjected to different forms of stimulation and exhibit 

distinct inflammatory processes in response. For example, occlusal stress stimulation and 

tooth-derived inflammatory responses, which exist only in the alveolar bone, affects 

metabolism as well as remodeling[42],[49-51]. Kwack et al. found that craniofacial bone immune 

homeostasis is more likely to be directly affected by microorganisms than any other 
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osseous tissue due to its intimate contact with pathogenic microorganisms that may 

penetrate the periodontal barrier during diseased states[33]. The difference of immune 

microenvironments between alveolar bone and long bone were observed as the result of 

occlusal forces, where mechanical stimulation is seen to promote activation of myeloid-

derived monocytes in the femur[52]. The environment of the mandibular alveolar bone has 

also been shown to exhibit higher osteoblastic capacity in order to maintain homeostasis in 

its microbial laden microenvironment[53]. Furthermore, the bone in the mandible and long 

bones differ in type of ossification, where the alveolar process proceeds by 

intramembranous rather than endochondral ossification[54]. Skeletal diseases that have a 

greater predilection for the alveolar bone, such as cherubism, hyperparathyroid jaw tumor 

syndrome and osteonecrosis associated with anti-resorptive therapeutics, including 

bisphosphonates, demonstrate the clinical significance of these differences[38, 55, 56]. 

Therefore, the different physiological reactions, pathological responses and clinical 

presentations between mandibular bone and long bones reveal the fundamental differences 

that exist. Because of the specificity of the mandibular bone and the ease of access to cells 

from long bone compared to mandibular bone, there is a relatively scarce data focused on 

the cellular differences between them[33]. Many of the recent publications supporting the 

distinct population of osteoclasts between skeletal sites were done in a younger population 

of mice with lack of comparison to its effects in an older population. Despite the amount of 

literature previously mentioned, a gap in knowledge remains about what processes occur 

within the cellular populations found at these skeletal sites and how they may change with 

age. Our study begins to address that question with comparison of the transcriptome 

between mandibular and femoral monocytes (i.e. osteoclast precursors) in 1-year-old mice.  
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Osteoclastogenic Potential Between Mandibular- and Femoral-Derived Bone Marrow 

Cells in 2-Month-Old Mice 

The Mansky lab conducted studies in mice looking at mandible and femur-derived 

osteoclasts precursors in young (2-month-old) mice[32]. From those experiments they 

determined differences in osteoclast size from different skeletal sites i.e. that mandibular-

derived osteoclasts are larger than femoral-derived osteoclasts[32]. Flow cytometry of 

mandibular- and femoral-derived bone marrow precursor populations was an additional 

experiment performed to determine if they had an impact on the differences found between 

skeletal sites[32]. Osteoclastic differentiation potential of both bone marrow macrophage and 

monocyte cultures was observed after separating the beads with CD11b microbeads for 

positive selection, then further stained with anti-Ly6C antibody[32]. This was done to select 

for the cells that had the most osteogenic potential[32]. From this experiment, they found that 

the bone marrow cells from the mandible exhibited a higher percentage of Ly6CHigh+ cells 

and the femur–derived CD11b+ cells contained significantly more Ly6CHigh cells compared with 

mandible–derived cells[32]. Gene expression was also evaluated and demonstrated 

increased levels of lineage transcription factors and osteoclast genes in mandible-derived 

osteoclasts. Bone marrow-derived macrophages from the mandible also exhibited the trend 

of increased osteoclast differentiation potential in the mandible compared to the 

femur[32].The original study by the Mansky lab was done on 2-month-old mice, being 

comparable to an adolescent human. However, the question remains if these trends in gene 

expression and osteoclast differentiation persist or change with increasing age.  

 

 



 12 
 
 

Aims and Hypotheses 

The aim of this study is to determine differences in mandible- and femur-derived 

osteoclast precursors from 1-year-old mice by examining gene expression and 

differentiation capacity. I hypothesize that osteoclast precursors derived from the bone 

marrow of the mandible of 1-year-old mice will have differences in gene expression and 

increased differentiation capabilities compared to monocytes derived from the femur. The 

results of these studies will contribute to the understanding of differences between 

osteoclasts at different skeletal sites and how their gene expression and differentiation 

potential may change with age. If a deeper understanding of the properties of osteoclasts 

derived from the mandible versus the femur in different age populations is understood, then 

we can anticipate that we will be able to find applicability to tooth movement and/or capacity 

of bone healing. 
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Materials and Methods 

Ethics. The use and care of mice used in these study procedures were reviewed and 

approved by the University of Minnesota Institutional Animal Care and Use Committee, 

IACUC protocol number 2104-39006A. Euthanasia was performed by CO2 inhalation. 

Experimental Preparation of Osteoclasts. Male and female C57BL/6 mice aged to 1-

year-old were utilized. Primary bone marrow macrophages were harvested from the 

mandible and femurs of 1-year-old wild type mice. Once the mandibles and femurs were 

dissected and adherent tissue was removed, the marrow was flushed from the inner 

compartments. Bone marrow monocyte selection was performed on total bone marrow. 

Monocytes were selected following the protocol of the mouse monocyte isolation kit 

(Miltenyibiotec, catalog #130-100-629). Briefly, flushed cells were pelleted and resuspended 

in MACS buffer (phosphate-buffered saline (PBS), pH7.2, 0.5% bovine serum albumin 

(BSA), 2mM EDTA). The cells then were incubated with FCR Blocking Reagent and 

Monocyte Biotin-Antibody Cocktail. After five minutes the cells were rinsed with MACS 

buffer, pelleted, and resuspended in MACS buffer. The cells were incubated with Anti-Biotin 

Microbeads for ten minutes. After this incubation period the cells were applied to the MACS 

columns in a magnetic field. Flow through was collected as isolated monocytes. The 

columns were rinsed three times to collect unbound monocyte cells. The monocyte cells 

were plated in 24-well plates (TPP, MidSci) at 2 x104 cells/cm2 in osteoclast media 

supplemented with 1.5% CMG 14–12 culture supernatant overnight. The next day cells 

were re-fed with 1.5% CMG 14–12 culture supernatant and 5 ng/mL RANKL (R and D 

Systems, catalog #462-TEC-010) to stimulate osteoclast differentiation. Cultures were fed 

every other day for up to 4 days for differentiation experiments.  

13 
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Quantitation of Osteoclast Gene Expression. RNA was isolated from cells plated in 

duplicate using Trizol reagent (Ambion, Life Technologies) and quantified using UV 

spectroscopy. cDNA was prepared from 1 μg RNA using the iScript cDNA Synthesis Kit 

(Bio-Rad) as per the manufacturer’s protocol. qPCR samples were prepared with 1 μl of the 

cDNA of monocyte RNA in combination with 19 microliters of a master mixcontaining 1 μl of 

the reverse and forward primers of an osteoclast marker, 8.8 microliters of water, and10 μl 

of iTaq Universal Sybr Green. HPRT used as the control gene. The PCR conditions were 

the following: 95°C for 3 minutes, and the 40 cycles of 94°C for 15 seconds, 56°C for 30 

seconds and 72°C for 30 seconds, followed by melting curve analysis (95°C for 5 sec, 65°C 

for 5 sec and then 65°C to 95°C with 0.5°C increase every 5 seconds).  

                    Table 1. Sequence of forward and reverse primers used for real-time PCR.  
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TRAP staining of osteoclast cultures. Monocytes were cultured to the desired time point 

and fixed in 4% paraformaldehyde for 20 minutes at 4°C and then washed in PBS. Cells 

were stained with the TRAP buffer containing 5 μL 0.1 M Acetate Buffer, 1 mL 0.3 M 

tartrate, 100 μL 10 mg/mL Nupthol, 20 μL Triton X-100, 3.9 mL water, and 3 mg Fast Red 

Violet. The TRAP-stained multinuclear osteoclasts were photographed with light microscopy 

and size and number of total nuclei were quantified by NIH ImageJ. 

Bulk RNA Seq. Monocytes were collected from 1-year old mice.  Cells were lysed and total 

RNA collected using RNA Plus Mini Kit (Qiagen, catalog #74134) following manufacturer’s 

instructions.  High throughput RNA sequencing was performed by the UMN Genomics 

Center. 2 x 50bp FastQ paired end reads for 6 samples (n=62.1 million average reads per 

sample) were trimmed using Trimmomatic (v 0.33) enabled with the optional “-q” option; 3bp 

sliding-window trimming from 3’ end requiring minimum Q30. Quality control on raw 

sequence data for each sample were performed with FastQC. Read mapping was 

performed via Hisat2 (v2.1.0) using the mouse genome (GRCm38 v94) as reference. Gene 

quantification was done via Feature Counts for raw read counts. Differentially expressed 

genes were identified using the edgeR (negative binomial) feature in CLCGWB (Qiagen, 

Redwood City, CA) using raw read counts. The generated list was filtered based on a 

minimum 2x Absolute Fold Change and FDR corrected p < 0.05. Data is available upon 

request.  Differential pathway analysis was performed using DAVID analysis [57, 58]. Heatmap 

was plotted by http://www.bioinformatics.com.cn/srplot, an online platform for data analysis 

and visualization. 
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Results 

Mandible-derived osteoclasts from 1-year-old mice are larger than femur-derived 

osteoclasts. The Mansky lab has previously demonstrated that osteoclasts differentiated 

from the bone marrow of the mandible are larger in size compared to osteoclasts 

differentiated from the bone marrow of the femur[32].  However, these experiments were 

done with 2-month-old mice.  To determine if the same was true of aged mice, I isolated 

bone marrow from the mandible and femur of 1-year-old mice, isolated monocytes and 

differentiated the cells into osteoclasts in the presence of macrophage colony stimulating 

factor (M-CSF) and receptor activator of NF-kB ligand (RANKL). Mandible-derived 

osteoclasts from 1-year-old mice were significantly less in number (Fig 2B, p=0.0022) 

compared to the femur, but approximately twice as large in size (Fig 2C, p=0.0013). 

 

 

 

Figure 2. Mandible-derived osteoclasts are larger in size compared to femur-derived osteoclasts. 
Monocytes were isolated from the bone marrow of femur and mandible. Monocytes were cultured in M-
CSF and RANKL to stimulate osteoclast differentiation. (A) Representative images of TRAP-stained 
osteoclasts. (B) number and (C) average size of TRAP-positive multinuclear cells.  
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Mandible differentially regulated genes are conserved in both young and aged mice. 

The osteoclast markers used in qRT-PCR were the genes that were upregulated in the 

mandible of the 2-month old mice indicated by single cell sequencing of CD11b+ cells from 

the mandible and femur. Results from that experiment indicated that genes upregulated in 

the mandible of 2-month-old animals included genes involved in osteoclast lineage 

commitment, proliferation and inflammation (Mansky lab, personal communication).   

 

To determine if these same differentially regulated genes were changed in the 1-year-old 

animals, I isolated RNA from monocytes from the femur and mandible bone marrow and 

performed qRT-PCR.  Mandibular-derived monocytes demonstrated increased expression 

of the majority of genes tested with similar trends as was seen in the 2-month-old animals. I 

saw a significant increase in transcription factors involved in osteoclast lineage 

commitment: JunB, Klf4, c-Jun and c-Fos (Fig 3).  I also determined increases in genes 

involved in proliferation (Atf3, Grk3 and Birc5) (Fig 4A-C), as well as genes involved in 

inflammation (Ccr2, Irf4, Cd74, Ccl2, and Ccl3) in mandible-derived monocytes (Fig 5A-

C,F,G), I determined a significant increase of S100A8 and S100A9 in femur-derived 

monocytes (Fig 5D,E).  

 

The genes with increased expression in the mandible have shown association with the 

process of osteoclastogenesis, whereas the genes highly expressed in the femur play a role 

in the regulation of inflammation and immune responses. Overall, the data supports our 

observation of a difference in gene expression between osteoclasts in the craniofacial and 

appendicular sites.  Additionally, my data demonstrates that there are differentially regulated 

genes that are conserved between “young” (2-month-old) and “aged” (1-year-old) mice.  
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Figure 3. Mandible-derived monocytes express higher levels of osteoclast transcription factors. 
Monocytes were isolated from bone marrow of the mandible and femur. RNA was isolated and qRT-PCR 
was done to measure gene expression. Relative expression of (A) JunB, (B) Klf4, (C) Jun and (D) cFos.  
 
 
 
 
 
 
 

Figure 4. Mandible-derived monocytes express higher levels of genes that regulate proliferation. 
Monocytes were isolated from bone marrow of the mandible and femur. RNA was isolated and qRT-PCR 
was done to measure gene expression. Relative expression of (A) Atf3, (B) Grk3 and (C) Birc5.   
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Figure 5. Mandible-derived monocytes express higher levels of inflammation genes. Monocytes 
were isolated from bone marrow the mandible and femur. RNA was isolated and qRT-PCR was done to 
measure gene expression. Relative expression of (A) Ccr2, (B) Irf4, (C) Cd74, (D) S100A8, (E) S100A9, 
(F) Ccl2 and (G) Ccl3.  
 
 

Expression profiles and differential pathway analysis of RNA collected from mice. 

To obtain an unbiased understanding of the differences of mandible and femur-derived 

monocytes (i.e. osteoclast precursors), I performed bulk RNA sequencing of monocytes 

isolated from the bone marrow of the mandible and femur of 1-year-old mice.  From the 948 

genes differentially expressed, 689 were upregulated in the mandible compared to the 

femur and 259 were downregulated in the mandible compared to the femur as show in the 

volcano plot (Fig 6A). Upregulated genes are represented as red dots and downregulated 

genes are shown as blue dots. The most enriched pathways upregulated in mandible 

population included the WNT signaling, biomineralization, and cell adhesion pathways (Fig  

6B). When looking at the downregulated pathways, metabolism (electron transport and 

respiratory chain), cell adhesion, chromatin remodeling, and chemotaxis appeared to be the 
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most enriched pathways in the femur-derived monocytes (Fig 6C). Heat maps in Figure 7 

demonstrate the individual genes that are changed in the 1-year-old mandible monocytes 

compared to femur monocytes and include osteogenic signaling (i.e. WNT and BMP 

signaling (Fig 7A), calcium and PI3K signaling (Fig 7B) and other signaling pathways 

(Hippo, Hedgehog and TGF-b, Fig 7C).   

 

 
Figure 6. Analysis of bulk RNA-SEQ data from monocytes of 1-year-old mice. (A) Volcano plot (B) 
Upregulated pathways and (C) Downregulated pathways in mandibles.  
 
 
 
 

 

Figure 7. Heat maps of upregulated genes in mandible-derived monocytes. (A) Osteogenic (B) 
Calcium and Pl3 kinase signaling genes and (C) Hedgehog, Hippo and TGF- signaling pathways. 
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Figure 8. Heat maps of genes downregulated in mandible-derived monocytes. (A) Genes involved in 
electron transport and respiratory chain and (B) genes involved in chromatin remodeling.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 22 
 
 

Discussion 

In a previous study done by Clark et al., the osteoclast population in the mandible 

was found to be distinct in comparison to osteoclasts located in the femur of 2-month-old 

mice[32]. Those general trends were also observed in the 1-year-old mice population in this 

study. Mandible-derived monocytes of this mice population appeared larger in size and 

reduced in number compared to femur-derived monocytes, similar to what was seen in 2-

month-old mice[32]. In a study investigating the resorptive efficiency of small and large 

osteoclasts, it was reported that large osteoclasts resorb 2.5 times more per cell than small 

osteoclasts, but the amount resorbed per nucleus was the same between the two 

categories[59]. Lees et al. also determined that small osteoclasts exhibited a lower capacity 

for degradation of bone matrix[59]. A resorption pit assay was not used in this study but 

should be performed to determine a correlation to this previous finding. The genes that were 

upregulated in the 1-year-old mice are associated with transcription factors involved in the 

same processes as those upregulated in the 2-month old mice, suggesting that genes 

involved in osteoclast lineage commitment, proliferation, and inflammation are unaffected by 

the aging process in the mandible. Looking into the differences between the craniofacial 

and appendicular site in the 1-year-old mice, the femur only showed increased expression 

of inflammatory modulators (S100A8 and S100A9). Elevated S100A8/9 protein levels have 

been noted as a hallmark of numerous pathological conditions associated with 

inflammation[60]. This data suggests that there is a more active state of osteoclastogenesis 

in the mandible, driven by lineage commitment factors and local inflammation. Inflammatory 

transcription factors in the mandible may reflect local inflammatory responses potentially 

due to localized tissue damage, periodontal disease, or tooth loss. These findings denote 

different regulatory environments between skeletal sites.   
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Bulk RNA sequencing data from monocytes isolated from the bone marrow of 1-

year-old mice revealed differentially regulated genes in the mandible and femur. The 

information on transcriptome complexity unveiled that WNT signaling, biomineralization, and 

cell adhesion pathways were highly enriched in the mandible while electron transport, 

respiratory chain, cell adhesion and chemotaxis were upregulated in the femur. In addition 

to the number of pathways being upregulated between the two skeletal sites, the number of 

genes upregulated in the 1-year-old mice was more than that seen in the 2-month-old mice. 

With this, aging could be viewed as having a greater effect on changes in gene expression 

compared to normal physiology.  In the mandible, the prominent presence of those 

pathways could suggest that there could be a relatively lower level of osteoclast activity. 

In the mandibular monocytes, there was an upregulation of Wnt5a and Bmp7. It has 

been shown that deletion of Wnt5a from mature osteoclasts decreases bone formation, 

which is likely responsible for the osteopenic phenotype observed in Wnt5a knockout (KO) 

mice[61]. Kresnoadi et al. found an increased BMP7 expression with the administration of 

ethanol extract of propolis and bovine bone graft, suggesting that an increase in BMP7 

signifies an intensification of the osteogenesis process[62]. This could suggest that during 

aging, osteoclast precursors secrete molecules promoting bone homeostasis. Additional 

studies are necessary to support this finding.  

In femoral monocytes, Elane and Itgb3 were some of the many upregulated genes 

present. Fang et al. found that Elane was one of the few differentially expressed genes in 

RNA-sequencing analysis of RNA collected from the osteoclasts of CYP27A1 knockout 

(KO) mice[63]. CYP27A1 is a member of the cytochrome p450 family of proteins that 

catalyzes many reactions involved with synthesis of cholesterols, steroids, other lipids, and 

drug metabolism[63]. Through proteolysis of collagen-IV and elastin, Elane plays a key role 
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in degenerative and inflammatory diseases, with implications in osteoarthritis[63]. With this 

gene differentially expressed, it suggested that CYP27A1 KO potentially facilitates 

osteoclast differentiation via proteolysis of collagen-IV and elastin[63].  

In a study done by McHugh et al., mice lacking Itgb3 generated osteoclasts that 

were unable to properly polarize upon bone, exhibiting a defect in bone resorption. Integrin 

beta 3 (Itgb3) is a critical mediator of the interaction of differentiating osteoclasts with bone 

substrate[64, 65]. In differentiating and mature osteoclasts, Itgb3 is highly induced and forms a 

complex with integrin alpha v on the surface of osteoclasts that binds to the extracellular 

matrix components present in bone[65]. These findings accentuate the critical role of Itgb3-

mediated adhesion to bone in osteoclast differentiation and activation[65]. Two properties yet 

to be determined in mandible-derived osteoclasts from aged mice are differences in 

adherence and/or changes in proliferation. Clark et al. demonstrated that mandible-derived 

osteoclasts precursors proliferate less compared to femur-derived osteoclasts, however, all 

their experiments were performed in young mice[32]. 

The cell adhesion pathway could denote that monocyte attachment is modified 

through aging and could have effects on their ability to resorb. Sakai et al. studied 

osteoclasts in suspension culture of inverted Terasaki plates and found that the rate of 

apoptosis increased more than twofold due to complete deprivation of cell adhesion, 

demonstrating that osteoclasts require adhesion for their survival and this characteristic 

may contribute to limited localization of osteoclasts on proper substrates such as bone 

surfaces in the body[66]. The adhesion pathway was also upregulated in the femur, but by 

different integrins. It is known that cell adhesion is important for osteoclast resorption, but 

the significance of this pathway in these two skeletal sites is unclear at the moment. 
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Experimental tests on genes involved in these pathways may be done in future studies to 

validate their roles at these skeletal sites.  

In the femur, the presence of those pathways may suggest that increase in activity of 

aged monocytes is the result of ATP generation of metabolic genes. In a study done by 

Taubmann et al., they noted a simultaneous increase in both glycolytic activity and 

mitochondrial respiration when comparing activated osteoclasts to resting osteoclasts, 

suggesting that bone resorption considerably increases osteoclast metabolic and energy 

requirements[67]. This adaption between the osteoclasts was thought to be linked to an 

increased demand in energy, that may also be supported by the presence of metabolic 

pathways in the femoral monocytes of 1-year-old mice. The upregulation of the chemotaxis 

pathway in the femur-derived monocytes may denote recruitment of immune cells to the 

site, including osteoclast precursors, to support repair or bone remodeling[68]. Based on 

these findings, it is possible that there could be more osteoclast activity in the femur 

compared to the mandible. Additional experiments looking more into these enriched 

pathways and genes will be included in future studies. 

 With the data collected from the studies on 2-month-old mice and 1-year-old mice, 

we can see that not only are the animals getting older but the cells within them are changing 

as well. Understanding the changes in cellular processes with aging in mice contributes to 

our understanding of the molecular changes at these skeletal sites in humans. 1-year-old 

mice were used in this study to correlate to humans 38-47 years of age, but perhaps more 

significant findings could be seen in additional studies with mice 18-24 months, being 

comparable to humans of 56-69 years of age (Jackson Laboratory). The data collected from 

these experiments was compared to a study done by Clark et al. who studied the 

osteoclasts of 2-month-old mice. The experiments on 1-year-old mice primarily utilized 
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osteoclast precursors, which are seen earlier on in the osteoclast lineage. Since non-

adherent cells were more suitable for the experiments performed, monocytes were used in 

this study. Although they exist within the same family, there could be discrepancies when 

inferring trends between the two data sets. Future studies may also include a bone 

resorption assay to look at osteoclast activity between the skeletal sites. As this study 

sought to answer the question of variability between osteoclast precursors at different 

skeletal sites, information is lacking on the amount and rate of resorption found at those 

sites. An in vitro bone pit resorption assay would serve as a valuable investigational tool in 

this study, as it can evaluate the major parameters controlling bone remodeling (new sites 

initiated and rate of resorption by osteoclasts) in normal and pathologic states[69]. Since this 

study rid mice of any pathological factors to solely study the effect of aging, the effect of 

estrogen changes on the osteoclast activity at these skeletal sites could be advised. 

Estrogen is known to protect bone loss in men and women by suppressing bone resorption 

and inversely, deficiency in estrogen predisposes an individual to osteoporosis[70]. Even 

though estrogen has mainly been thought to affect cells of osteoclast lineage, in rodent 

studies there is evidence suggesting that it stimulates bone formation[71] and in humans they 

have found evidence to infer that high doses could stimulate bone formation[72]. Aging could 

potentially be driven more by osteoblasts than osteoclasts. The mechanisms underlying 

estrogen deficiency and its effects on bone cell activity are not completely understood, but 

implementing this type of experiment utilizing ovariectomized mice may contribute.  

 From previous research, it was unclear as to what changes we would have expected 

to see in these experiments. Two schools of thought exist to say that the craniofacial region 

and appendicular skeleton are similar or that these skeletal sites differ. Much of the earlier 

research publications claimed that there were no differences between the craniofacial 
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region and appendicular skeleton. In studying variation in mineral density of the mandible 

and of the radius in both sexes, Henrikson et al. claimed that the changes seen in these 

skeletal sites with age were qualitatively the same[37]. Hildebolt et al. explained that cross-

sectional QCT data of selective measures of vertebral cortical and trabecular bone 

demonstrated similar rate of cortical demineralization between the skeletal sites[73]. These 

studies were done on individuals in diseased states such as osteoporosis or nutritional 

deficiencies and lacked descriptions of the cellular processes within these skeletal regions. 

More recent research publications have shifted views with more diverse experiments to 

support the idea that these sites represent drastically different populations. Aghaloo et al. 

looked at osteogenic potential of bone marrow stromal cells in the mandible and long bones 

and found significantly increased alkaline phosphatase and osteocalcin mRNA expression 

in the mandible compared to the femur, demonstrating that mandible bone marrow stromal 

cells possess higher osteogenic potential compared to their long bone counterparts[46]. A 

similar finding was found in our study, where the highly enriched pathways in the mandible 

and femur suggest an osteoblast-mediated environment in the mandible and higher 

osteoclast activity in the femur. With analysis of the expression of osteoclast- and 

osteoclastogenesis-related genes, de Souza Faloni et al. confirmed that kinetic differences 

in osteoclast-forming capacity between the mandible and long bones exist[41]. These recent 

studies supporting the claim of the mandible and femur representing distinct entities were 

performed on younger mice (8 weeks or 1-month-old). There is limited amount of 

information on what happens to the cellular composition and activity at these skeletal sites 

as an individual ages, but our study begins to fill that gap of knowledge. Our research is 

supported by more recent publications, stating that the mandible and femur represent two 

distinct environments regulated by different mechanisms.  
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 With more evidence revealing and contributing to our understanding of changes that 

occur between skeletal sites with aging, strategies have been proposed to help mitigate its 

effects. Kribbs et al. found a significant relationship between residual ridge and alveolar 

bone density with total body calcium and regional bone mass, therefore concluding that 

therapeutic measures targeting osteoporosis could exert an effect on jaw residual ridge 

density[30]. Tissue engineering technologies have also been studied to offer clinically 

practical solutions to bolster insufficient bone formation in the elderly, osteoporotic 

patient[74]. Methylsulfonylmethane, a potent anti-inflammatory, can be used as a therapeutic 

agent to improve bone loss-associated diseases, including periodontitis, post-menopausal 

osteoporosis, and rheumatoid arthritis[75]. Measurement analyses such as 

microdensitometry could be helpful in depicting the efficacy of different therapeutic 

strategies to address bone loss[31]. Considering various treatment strategies to address 

patients’ particular needs will be an integral part in all stages of treatment.  

 We have seen a substantial increase in the number of adult patients seeking 

orthodontic care over the past years. That being said, it is imperative that we understand 

the differences of the craniofacial bone composition that occur with aging. We cannot simply 

presume that the conventional treatment that our younger patients undergo can be applied 

to those of older age without any risks, particularly those of periodontal concern. The 

differences in growth potential between these two populations is an important distinguishing 

factor for particular orthodontic treatment modalities, but does not omit patients of older age 

to seek care for their particular needs. Limited studies have been published on this matter, 

but Dyer et al. studied 30 female patients with a mean initial records age of 12.5 and 26 

female patients with a mean staring age of 27.6 presenting with a class II sagittal molar 

relationship[23]. This study found that adult treatment did not necessarily equate to a longer 
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duration of treatment and treatment times were comparable to both groups at 2.5 years. 

This study also revealed that adult patients exhibited dental sequelae of class II elastic force 

more than the younger patients[23]. In 2018, Schubert et al. performed a systematic search 

of prospective clinical trials investigating the rate of orthodontic tooth movement and/or 

studies assessing age-related changes shown in the composition of gingival crevicular 

fluid[2]. Patients were healthy individuals who ranged between the ages 16 and 43. It was 

found that more pronounced cytokine levels and faster orthodontic tooth movement were 

shown by the younger patients, and a delayed reaction to orthodontic forces was seen in 

the older patients[2]. Both studies mentioned the lack of clarity on whether aging affects the 

rate of orthodontic tooth movement, and it appears that interindividual variations play a 

more significant role in which biological processes are triggered by orthodontic forces[2]. 

These studies lack data about the bone remodeling activity with respect to osteoclasts and 

osteoblasts within the mandible. In our study, data from RNA-seq inferred that aging may be 

an osteoblast-driven process, with increase in biomineralization, and could be reflected in 

Shubert et al.’s study as the reason in which a delay in reaction to orthodontic forces was 

observed. Additional studies are needed to draw connections between the study 

populations.  

In summary, this study provides insight of the osteoclast precursor population at 

mandibular and femoral sites, including gene expression profile and differential pathway 

analysis. The results supported my hypothesis of differences in gene expression and 

increased differentiation capabilities of osteoclast precursors derived from the bone marrow 

of the mandible compared to the femur. The larger size and decreased number of 

osteoclasts found in the mandible when compared to the femur was seen in both 2-month-

old and 1-year-old mice. Through bulk RNA-sequencing, it was shown that different 
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pathways affect these two skeletal sites in an aging population. This may suggest that there 

may be different mechanisms regulating the craniofacial and appendicular regions. This 

study provides a foundational understanding of how a healthy state presents in comparison 

to a diseased state. Additional experiments can be performed to determine the resorption 

activity at both skeletal sites for further understanding. The mandible and femur of 1-year-

old mice exhibit distinct characteristics from each other and with 2-month-old mice in 

regards to femoral data. Through appreciation of the differences observed, a better 

understanding of what osteoclastic changes occur with aging may be noted and utilized 

within treatment planning for older patients seeking orthodontic care.  

 

Conclusions 

• Differences in gene expression and differentiation capabilities exist between the 

mandible and femur of 1-year-old mice. 

• Distinct pathways may regulate the craniofacial and appendicular regions. 

• Similarities between 2-month-old and 1-year-old mice exist: 

• Trends in size and amount of osteoclasts  

• The differences seen the in osteoclasts between young and old mice requires further 

investigation, with emphasis in understanding how these differences impact 

orthodontic tooth movement and bone remodeling in older patients. 
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