
Curriculum Vitae 

Hanan Dakhil A. R. Aljohani 

Ph.D. Candidate 

Biomedical Sciences-Dental School 

hanan.aljohani@umaryland.edu 
hanan.d.aljohani@gmail.com 

 
EDUCATION 

§ University of Maryland Baltimore – School of Dentistry   Baltimore 

May 2020 

Ph.D. Candidate in Biomedical Sciences- Dental School  

§ King Saud University – College of Dentistry    Riyadh 2011 

Bachelor of Dental Surgery 

GPA (4.15) out of (5) 

§ Mander Portman Woodward      London 2002 

GCSE and As-level  

 

PROFESSIONAL EXPERIENCE 

§ King Saud University – College of Dentistry    2013-Present 

Position:   Oral Biology Faculty –  

Department of Oral Medicine and Diagnostic Sciences  

§ Ministry of Health- Health Care Center    2012-2013 

Position:   General practitioner  

§ King Saud University, College of Dentistry, DUC Campus  2012 

Position &Duration: Intern -4 Month  

§ King Saud University, College of Dentistry, MUC Campus  2011 

Position &Duration: Intern -4 Month  

§ Riyadh Military Hospital      2011 

Position &Duration: Intern -4 Month  

§ King Faisal Specialist Hospital and Research Center, Riyadh 2010 

Position &Duration: Summer training- 1 Month  



  

 

PUBLICATIONS 

§ Aljohani, H., Senbanjo, L. T., & Chellaiah, M. A. (2019). Methylsulfonylmethane 

increases osteogenesis and regulates the mineralization of the matrix by 

transglutaminase 2 in SHED cells. PloS one, 14(12), e0225598. 

https://doi.org/10.1371/journal.pone.0225598 

§ Chellaiah, M. A., Moorer, M. C., Majumdar, S., Aljohani, H., Morley, S. C., 

Yingling, V., & Stains, J. P. (2020). L-Plastin deficiency produces increased 

trabecular bone due to the attenuation of sealing ring formation and osteoclast 

dysfunction. Bone Research, 8, 3. https://doi.org/10.1038/s41413-019-0079-2 

§ Majumdar, S., Wadajkar, A. S., Aljohani, H., Reynolds, M. A., Kim, A. J., & 

Chellaiah, M. (2019). Engineering of L-Plastin Peptide-Loaded Biodegradable 

Nanoparticles for Sustained Delivery and Suppression of Osteoclast Function In 

Vitro. International Journal of Cell Biology, 2019, 6943986. 

https://doi.org/10.1155/2019/6943986 

§ Chellaiah, M. A., Majumdar, S., & Aljohani, H. (2018). Peptidomimetic inhibitors 

of L-plastin reduce the resorptive activity of osteoclast but not the bone-forming 

activity of osteoblasts in vitro. PloS one, 13(9), e0204209. 

https://doi.org/10.1371/journal.pone.0204209 

§ Senbanjo, L. T., Aljohani, H., Majumdar, S., & Chellaiah, M. A. (2019). 

Characterization of CD44 intracellular domain interaction with RUNX2 in PC3 

human prostate cancer cells. Cell communication and signaling: CCS, 17(1), 80. 

https://doi.org/10.1186/s12964-019-0395-6 

§ AlQranei, M. S., Aljohani, H., Majumdar, S., Senbanjo, L. T., & Chellaiah, M. A. 

(2020). C-phycocyanin attenuates RANKL-induced osteoclastogenesis and bone 

resorption in vitro through inhibiting ROS levels, NFATc1 and NF-κB activation. 

Scientific reports, 10(1), 2513. https://doi.org/10.1038/s41598-020-59363-y 

§ Ji, Y., Rizk, A., Voulalas, P., Aljohani, H., Akerman, S., Dussor, G., Keller, A., & 

Masri, R. (2019). Sex differences in the expression of calcitonin gene-related 

peptide receptor components in the spinal trigeminal nucleus. Neurobiology of 

pain (Cambridge, Mass.), 6, 100031. https://doi.org/10.1016/j.ynpai.2019.100031 



  

To be submitted:  

§ Aljohani H, Majumdar S, Srinivasan D, Senbanjo LT, Chellaiah MA 

Peptidomimetic inhibitors of L-plastin increases the trabecular density of 

aging mice through inhibition of osteoclast activity and not osteoblast 

mediated bone formation (To be submitted to J Clinical Investigation) 

§ Aljohani H, Senbanjo LT, AlQranei M, Chellaiah MA. MSM increases 

osteogenesis in aging mice: Preliminary analyses in long bones and mandibles 

of aging mice (to be submitted to ‘Bone’) 

§ Senbanjo LT, Aljohani H, AlQranei M, Majumdar S, Ma T, Chellaiah MA 

Identification of Sequence-Specific Interactions of CD44-ICD with RUNX2 

in the Transcription of Matrix Metalloprotease-9 in Human Prostate Cancer 

Cells. (to be Ssubmitted to Frontiers) 

CONFERENCES 

§ ASBMR 2018 Annual meeting. Palais des congrès de Montréal, Quebec, 

Canada.Sept 28-Oct 1, 2018.   

§ AADR/CADR Annual Meeting & Exhibition. Fort Lauderdale, Fla., USA. March 

21-24, 2018 

§ King Saud University 14th Int’l Dental Conference, the 23rd for the Saudi Dental 

SocietyRiyadh 2012 

§ The 5th Riyadh International Dental meeting and Exhibition-Riyadh 2010 

§ AEEDC- Dubai 2010 

§ Jeddah International Dental Conference- Jeddah 2008 

WORKSHOPS 

§ Latest advancement of 3M ESPE core dental product- Riyadh 2012 

§ DENTSPLY product training for SDR, Veneers and Layering technique- Riyadh 

2012 

 

 



  

LETTERS OF APPRECIATION 

§ From the clinic director of the College of dentistry- MUC campus for outstanding 

clinical performance, an excellent record, and a positive attitude during the 

internship training. (2012) 

§ From Vice-dean of Female campus for participating as a representative for the 

College of Dentistry in an “Undergraduate Programs’ Day” for high school 

students. (2012) 

§ From Prof. Nahid Ashri course-director of the “Advanced Periodontal Therapy” 

course for admirable coordination as a class representative.  (2010) 

 

  



  

Abstract 

Title of Dissertation: Methylsulfonylmethane: Possible Role in Bone Remodeling 

Hanan Dakhil A. R. Aljohani, Doctor of Philosophy, 2020 

Dissertation Directed by: Meenakshi A. Chellaiah, Professor, University of Maryland 

School of Dentistry, Department of Oncology & Diagnostic Sciences. 

Methylsulfonylmethane (MSM) is a naturally occurring, sulfate-containing, 

organic compound. It has been shown to stimulate the differentiation of mesenchymal stem 

cells into osteoblast-like cells and bone formation. In this study, we investigated the 

potential effects of MSM on the osteogenic potential in vitro using stem cells from human 

exfoliated deciduous teeth (SHED) and in vivo using an aging mice model. To determine 

the effect, MSM was added to the basal medium without any osteogenic factors or growth 

factors. Here, we reported that MSM uniquely induced osteogenic differentiation of SHED 

cells through the expression of osteogenic markers such as osterix, osteopontin, collagen, 

and RUNX2, at both mRNA and protein level. The formation of mineralized nodules 

confirmed an increase in osteogenesis by MSM. The enzyme transglutaminase 2 (TG2) 

was shown to play a vital role in the cross-linking of proteins during the mineralization 

process. MSM increased the levels and activity of TG2. The increase in the levels of TG2 

corresponded well with its colocalization with the collagen and osteopontin present in the 

mineralized nodules. Inhibition of TG2 activity by an inhibitor reduced the effects 

mediated by MSM. Next, to determine the in vivo effect, we injected aging C57BL/6 

female mice (36 weeks old) with MSM (100 mg/kg) and PBS (control) subcutaneously for 

13 weeks. Micro-CT analysis demonstrated an increase in bone density at the inter-



  

radicular area of the mandibular bone with little to no change in the density of long bones 

(femoral or tibial bone). We corroborated the increase in bone density in the mandibular 

bone sections stained with H&E and TRAP-stains. Immunohistochemistry analyses 

demonstrated an increase in the number of osteoblast-like cells stained positive for 

osteocalcin (OCN) in MSM injected mice. MSM appears advantageous in increasing 

osteogenesis. Ours is the first study to show the in vivo effect of MSM on bone remodeling 

in an aging mice model. MSM could be developed as a prospective bone-forming agent in 

conditions needing bone regeneration and bone repairs.  
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 Chapter 1: Introduction 

1.1 Bone 

Bone is a highly specialized, mineralized, and dynamic connective tissue. Bone 

responds to nutritional status, mechanical stress, hormones, and circulating 

concentrations of calcium.  The inorganic component of the bone tissue consists of 

minerals as calcium phosphate (~90%) and carbonate (~10%). Calcium is deposited as 

calcium phosphate on the organic matrix (collagen and other extracellular matrix 

proteins) in the form of hydroxyapatite crystals. Bone serves as a reservoir for minerals. 

The release of calcium and other ions from the bone help maintain the ionic environment 

in the extracellular fluid. Bone consists of three distinct cell types, which include 

osteoclasts, osteoblasts, and osteocytes. Normal bone remodeling requires a tight 

coupling of bone resorption by osteoclasts to the bone formation by osteoblasts to 

maintain normal bone mass with no alteration [1,2]. Bone disease in patients causes 

uncoupled bone remodeling, which manifests as enhanced osteoclast-mediated resorption 

and decreased bone formation. This process results in the loss of bone mass, bone quality, 

and bone strength, resulting in a fragile bone with increased risk for fractures.  

Two processes fundamentally attain bone formation: 

1.1.1 Intramembranous ossification:  Intramembranous bone formation or 

ossification requires sheets of mesenchymal connective tissue. An ossification center 

forms within the connective tissue where the mesenchymal cells condense together and 

differentiate into osteoblasts. Osteoblasts secrete bone matrix and slowly convert the 

connective tissue into bone. Intramembranous ossification is the mechanism for the 
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development of the skull, clavicles, and the mandible. This process starts in utero and 

continues into the teenage years. 

1.1.2 Endochondral ossification: This process requires a cartilage model which 

is replaced by bone. Primary and secondary ossification centers form in the cartilage 

tissue. During these ossification processes, bone systematically replaces cartilage. This 

type of ossification occurs in long bones, initiating at the diaphysis (primary ossification 

center) or epiphysis (secondary ossification center). This process occurs during fetal 

development and throughout childhood until the adolescent years. The distal-most region 

of the mandibular bone form by this type of ossification process [3]. Endochondral bone 

ossification is also a critical part of the healing process if a fracture occurs. Thus, the 

formation and growth of the long bones, mandibular bone, and the healing of the 

fractures are examples of endochondral bone formation [4,5].  

1.2 Cellular composition of bone 

1.2.1 Osteoblast: Osteoblasts are mononucleate cuboidal cells located along the 

surface of the bone. These cells derive from mesenchymal stem cells (MSCs).  

Osteoblasts are involved in the formation of new bone (osteoid) and mineralization of the 

newly formed bone. They support not only the initial phase of bone formation but also 

the later stage of the bone remodeling processes. Osteoblasts secrete factors and enzymes 

(growth factors, collagen, hormones (e.g., osteocalcin), alkaline phosphatase, and 

collagenase), which are essential for bone formation [6]. The transcriptional factors 

RUNX2 aka core-binding factor alpha 1 (Cbfa1) and Osterix play imperative roles in the 

maturation of mesenchymal stem cells to osteoblasts [7,8]. Alkaline phosphatase is an 

enzyme involved in the mineralization of bone. It is an early marker for osteoblast 
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differentiation [9]. The maturation of osteoblasts is characterized by the expression of 

osteocalcin (OCN), bone sialoprotein (BSP)I/II, and collagen type I [10,11].   

The collagen secreted by osteoblasts makes newly formed bone (osteoid).  

Osteoid is the unmineralized extracellular matrix produced by osteoblasts. It is enriched 

for type I collagen but is not yet mineralized. Osteoblasts cause calcium and phosphorous 

to precipitate from the interstitial fluid and form hydroxyapatite crystals on the proteins 

in the organic matrix  (e.g., collagen) to mineralize the osteoid [12].  

1.2.2 Osteoclast: Osteoclasts are multinucleated giant cells that are capable of 

resorbing bone. The osteoclast is a derivative of mononuclear monocyte/macrophage 

lineage of the hematopoietic stem cell. The differentiation of osteoclasts principally 

regulated by macrophage colony-stimulation factor (m-CSF), RANK ligand (RANKL), 

and osteoprotegerin [13]. Bone resorption is mediated by the secretion of hydrogen ions 

and cathepsin K enzyme by the osteoclast. Osteoclasts attach to the bone surface by 

integrin complexes and secrete acidic hydrogen ions to dissolve the mineral components 

of the matrix, whereas cathepsin K digests collagen type I [14]. 

1.2.3 Osteocyte: Osteocytes are the most abundant cells in bone, and they are 

present within the mineralized matrix.  During the mineralization process, osteoblasts 

become trapped in their matrix in a space called lacuna [15]. Here they become 

osteocytes. Therefore, osteocytes derive from the osteoblast cell lineage. Osteocytes 

differ in function from osteoblasts, and they stop making either unmineralized bone 

(osteoid) or mineralization of the osteoid. Their interconnected network of the canalicular 

system allows them to detect biomechanical forces of bone. Osteocytes produce soluble 
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factors that regulate of osteoclasts and osteoblasts’ activities, specifically when and 

where to resorb or form bone, respectively [16,17].  

1.3 Extracellular Bone Matrix 

Bone provides mechanical support as well as maintains calcium/phosphorous 

homeostasis and acid-base balance. Bone consists of inorganic and organic matrices [2]. 

The organic matrix contains mainly type I collagen, some noncollagenous proteins 

(osteocalcin, osteonectin, and osteopontin), bone morphogenetic proteins, and growth 

factors [18]. The inorganic materials consist of phosphate and calcium ions. These ions 

nucleate to form the hydroxyapatite crystals. The collagen and noncollagenous proteins 

act as scaffolds for the hydroxyapatite deposition and contribute to the material properties 

of bone [19].  

 1.3.1 Transglutaminase 2 enzyme (TG2): Transglutaminase enzyme is implicated 

in the formation of mineralized tissues via crosslinking of proteins together.   

Noncollagenous proteins act as substrates for TG2, which facilitates the assembles and 

crosslinking of these proteins to form polymers, participating in matrix stabilization and 

maturation [20]. TG2 mediates post-translational modification of both intracellular and 

extracellular proteins by catalyzing the formation of ε-(γ-glutamyl) lysine bonds [21]. 

Osteoblasts express nine isoforms of TG, and TG2 is one of the best-characterized 

isoforms in osteoblasts. TG2  facilitates cell adhesion, cell spreading, and modification of 

extracellular matrix [22,23]. It was identified as a skeletal-related TG because it is 

expressed in cartilage, bone, and teeth. It plays an essential role in the initiation of 

mineralization and ossification [24,25]. Moreover, several studies have shown that TG2, 
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combined with BMP-2 or BMP-9, can induce osteogenic differentiation of stem cells 

[26,27]. 

1.4 Bone Remodeling 

Bone remodeling is the coupling process of bone formation and bone resorption, 

which changes the shape of the bone in response to the biomechanical stimulus. Bone 

remodeling starts with the activation of osteoclasts, which begin the resorption process. 

Osteoclast activity activates and releases latent growth factors (e.g., TGF-b) that were 

deposited in the mineralized osteoid. These growth factors recruit and stimulate 

osteoprogenitor cells to begin osteoblast differentiation. Subsequently, osteoblasts start 

the synthesis of new bone matrix in the resorbed area.  

1.4.1 Aging and bone remodeling: During aging, the bone deteriorates in 

composition, structure, and function, which inclines to osteoporosis. Aging combined 

with intrinsic and extrinsic factors, accelerates the loss of bone that influences bone 

fragility and fractures. Loss of cortical bone occurs by subperiosteal apposition (takes 

place outside the bone) and endosteal bone resorption (takes place inside of the bone) [2]. 

With increasing age, bone remodeling is reduced, which results in increased cortical 

thinning and porosity along with the trabecular thinning and loss of connectivity. All of 

these reduce not only bone quality but also its strength [28]. Loss of bone with aging is a 

common occurrence affecting both men and women.  Reduced bone quality and strength 

increase the fracture risk. Any imbalance that occurs in the coupling process would cause 

bone diseases such as osteoarthritis, osteoporosis, periodontitis, and cancer-metastasis-

related bone loss. 
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1.4.2 Inflammation and bone loss: Chronic inflammation has been correlated to 

aging-related bone diseases such as osteoporosis, osteoarthritis, and periodontitis. 

Inflammation is a tightly coordinated immunological defense mechanism against harmful 

toxins and pathogens. Under normal conditions, inflammation facilitates the removal of 

harmful toxins and cellular components and promotes healing and regeneration of 

damaged tissues [29]. However, in aging, this synchronized inflammatory process is 

dysregulated and contributes to the decline in the regenerative capacity of bone. It has 

been reported that NF-KB is activated in osteoarthritis, which results in the upregulation 

of proinflammatory cytokines, and in turn, elevates osteoclast-mediated resorption 

[30,31]. Periodontitis is another example of an inflammatory disease affecting bone, 

which is defined as alveolar bone loss caused by inflammation of the teeth-supporting 

structures [32,33]. In summary, chronic inflammation is a significant contributor to bone 

loss and decreased bone density.  

1.5 Bone regeneration 

Under normal physiological circumstances, bone can regenerate and repair itself 

in response to damage.  In the instance of trauma or disease, healing can be complicated 

by many factors, including age, metabolic disorders, smoking, or the size of the defect. 

Moreover, proper healing can be prevented by the production of scars or fibrotic tissue 

instead of the typical bone structure in large bony defects, also referred to as critical size 

defect [34,35]. A critical bone defect is characterized by a bony defect that does not heal 

spontaneously with bone throughout the life of the animal [36,37].  

Bone grafting is a commonly performed surgical procedure to augment bone 

regeneration in several procedures (e.g., orthopedic and maxillofacial). Standard methods 
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wildly use appropriate stem cells, growth factors, and scaffold materials for bone 

regeneration  [38,39]. 

1.5.1 Stem Cells: Mesenchymal stem cells are multipotent cells that are capable of 

multiple lineage differentiation, including bone and cartilage [40,41]. Adult MSCs derive 

from bone marrow, adipose tissue, periosteal stem cells, and recently dental tissue 

[42,43]. Stem cell characteristics state that under experimental conditions, it should have 

the potential to adhere to cell culture dishes, produce a colony-forming unit, and 

differentiate into a tissue of interest, e.g., bone, cartilage, or adipose tissue. Stem cells can 

be identified by immunohistochemistry or immunoblotting for the expression of common 

markers such as CD29, CD44, CD146, CD105, and Stro-1 [44–46]. Likewise, 

differentiated cells can be identified as the proper cell type (osteoblast, chondroblast, 

chondrocyte, or adipocyte) by the expression of specific markers using the same analyses. 

 1.5.2 Growth factors: Insulin-like growth factor (IGFs), transforming growth 

factor-beta (TGF- β), fibroblast growth factors (FGFs), epidermal growth factor (EGF), 

wingless-related integration site factors (WNTs), and bone morphogenetic proteins 

(BMPs) play a significant role in bone formation [47,48]. BMPs are multi-functional 

growth factors that belong to the TGF-β superfamily. The roles of BMPs in embryonic 

development and cellular functions in postnatal and adult animals have been extensively 

studied in recent years [49–51]. BMPs also play an essential role in postnatal bone 

formation. BMP-2, 4, 5, 6, and 7 have been shown to have robust osteogenic potential, 

and the addition of BMP-2 was shown to increase levels of osteocalcin (OCN), a marker 

for bone formation [52]. 
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Preclinical and clinical studies have shown that BMP-2 can be utilized in various 

therapeutic interventions such as bone defects, non-union fractures, spinal fusions, 

osteoporosis, and root canal surgeries [53–56]. Additionally, FGF, IGF-2, and EGF have 

been used with MSCs to retain and help the differentiation potential towards the lineage 

of interest [57–59].  

1.5.3 Scaffolds: Minimally, scaffolds must provide structural support to maintain 

skeletal integrity. Complete bone healing of a critical size defect requires that a scaffold 

permits osteogenesis (osteoblastic differentiation and producing bone), osteoconduction 

(permit mechanical support and vasculature infiltration from the borders of the defect to 

make new bone), and osteoinduction (ability to induce bone-forming cells from MSCs). 

Types of scaffold include artificial ECM, autogenous grafts, allogenic grafts, and 

xenografts [60]. Although the three mechanisms mentioned above are essential for 

successful bone healing, the recruitment of endogenous stem cells to promote bone 

formation is another way to induce bone healing. 

1.6 Stem cells 

Different stem cells (embryonic, postnatal, or even adult stem cells) were tested 

and found to possess regenerative potential. Various stem cell niches have been shown to 

house osteoprogenitors, including bone marrow mesenchymal stem cells, vascular 

pericytes, periosteal lining cells, as well as muscle and adipocyte-derived stem cells. 

Dental tissue has also been identified as a source of adult stem cells [61,62]. These cells 

originate from the neural crest. Neural crest cells are a population of cells that are located 

between the dorsal ectoderm and the neural tube of vertebrate embryos.  These cells are 
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highly migratory. Also, these cells can generate a wide variety of cell and tissue types, 

including bone and cartilage during embryonic and adult development [63]. Dental stem 

cells derived from the neural crest cells displayed not only a higher proliferation rate but 

also express a higher level of alkaline phosphatase enzyme, which is a marker for 

osteogenesis. Therefore, these characteristics may make them a more suitable candidate 

for bone repair and regeneration as compared to BMMSCs.  They bypass the drawbacks 

generated by using BMMSC as they require a noninvasive collection method and 

eliminate ethical issues raised by using embryonic stem cells. Dental stem cells fall under 

postnatal stem cells that remain dormant in adult tissue but can respond to injury and 

promote tissue repair. This process is highly regulated and maintained by the local 

environment of the host tissue [64].   

Five different stem cells have been isolated from humans’ dental tissue, and these have 

the potential for self-renewal and differentiation into multiple lineages of interest [63]. 

Dental stem cells are dental pulp stem cells (DPSCs), stem cells from exfoliated 

deciduous teeth (SHED), stem cells from apical papilla (SCAP), dental follicle progenitor 

cells (DFPCs) and periodontal ligament stem cells (PDLSCs) [65–68].  

1.6.1 DPSCs and SHED cells: The dental pulp serves as a site for nutrition and 

reparative processes to keep the teeth functioning.  Under proper stimuli, these cells are 

capable of forming odontoblasts, adipocytes, osteoblasts, and neural-like cells when 

explanted in vivo [69,70]. When DPSCs are transplanted ex-vivo with hydroxyapatite, 

they create ectopic pulp-dentin like tissue [65]. Another population of pulp stem cells has 

been identified from human deciduous teeth (SHED). Compared with adult pulp stem 
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cells, SHED cells have a higher proliferative rate and are capable of osteoinductive 

capacity [71]. 

1.6.2. SCAP: These cells are isolated from the tissue surrounding the roots of 

developing permanent teeth and possess the same differentiation capabilities as other 

dental stem cells [72]. However, they express lower levels of dentin sialoprotein (DSP) 

compared to DPSCs. Interestingly these cells show positive staining for neural markers 

even when they are not under neural stimulation [73]. It is believed that these cells are the 

source of primary odontoblasts, whereas DPSCs are responsible for the formation of 

reparative dentin [74,75].  

1.6.3 DFPCs: Dental follicle is the term given to the ectomesenchyme tissue 

surrounding the developing tooth germ. They have been isolated from the impacted third 

molars. The dental follicle encloses progenitor cells responsible for making the 

cementum, periodontal ligament (PDL), and alveolar bone during tooth development. 

These cells have the potential to differentiate into cementoblasts and recreate a new 

periodontal ligament [76–78]. 

1.6.4 PDLSCs: PDL is a specialized tissue supporting the teeth in the alveolar 

bone. It holds the teeth in place and helps in the tooth adaptation to masticatory forces. 

PDL contains a vast population of cells responsible for the regeneration and repairing of 

the PDL tissue itself [79]. Also, PDLSCs can self-renew throughout life and restore 

cementum and alveolar bone. Like the stem cells mentioned above, PDLSCs also have 

the osteogenic, adipogenic, and chondrogenic potential under the appropriate conditions 

[67]. 
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1.7 Inflammation and Methylsulfonylmethane (MSM) 

Inflammation is used by the immune system as a defense mechanism against 

tissue injury and initiates the healing process. Tissue injury can be the result of multiple 

events, including a disease or trauma. Once the immune system is activated, specific 

molecular signals from the cells allow the particular recruitment of inflammatory cells to 

inflammatory sites (e.g., recruitment of macrophages at the injured site). This results in a 

local inflammatory response, which is characterized by the release of proinflammatory 

mediators, and the degranulation of platelets and mast cells.  Inflammation ends by 

proinflammatory mediators diminishing and anti-inflammatory mediators taking over, 

promoting remodeling and healing.  

Unfortunately, this process is not always the case. Persistent inflammation is the 

number one cause of degenerative diseases such as osteoarthritis, rheumatoid arthritis, 

periodontitis, and atherosclerosis. Furthermore, an inflammatory response is a common 

outcome of any implant surgery (e.g., teeth implants to hip replacement implants). The 

result ranges from the promotion of osteointegration and wound healing process to 

exaggerated foreign type body reactions leading to implant failure.  

The overall goal of my thesis research is to promote osteogenesis and bone 

formation by creating an ideal microenvironment for healing and functional 

osteointegration. We posit that reducing inflammation may encourage effective tissue 

repair.  

MSM is a sulfur-containing, non-toxic, natural nutrient found in small quantities 

in many foods. It is an oxidative metabolite product of dimethyl sulfoxide (DMSO), 
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which is believed to reduce pain and inflammation.  It is commonly used as a supplement 

to treat arthritis and other inflammatory conditions. MSM acts as a sulfur donor for many 

intracellular compounds such as methionine and cysteine and in the formation of 

connective tissue [39]. Also, it plays a vital role in glutathione synthesis (GSH), an 

essential intracellular antioxidant [80]. Interestingly, studies have shown enhancing 

osteointegration on implant surfaces in response to the treatment with sulfur-containing 

compounds (e.g., MSM) [81,82]. 

Worldwide, MSM is available as a dietary supplement over the counter. The FDA 

classifies MSM as GRAS (generally recognized as safe). Several studies show no toxicity 

to humans [83], mice [84], rats [85], and dogs [86]. MSM is rapidly absorbed and 

eliminated from the body with no evidence of histopathological lesions in organs or 

tissues [83,87]. In a study done by Lemma and Tamizhselvie (2018) on the effect of 

MSM on acute pancreatitis, the authors showed a marked decrease in proinflammatory 

cytokines in the blood serum. Besides, MSM facilitated the recruitment of CD34⁺ 

(hematopoietic stem cells) into the damaged tissue and promoted healing and 

regenerations [88]. Similar results have been observed on the anti-inflammatory effect of 

MSM on multiple organs: liver, pancreas, bone, joints, and on the obesity caused by 

diabetes [89–91].  

The combinatorial effect of MSM with other treatment modalities has also been 

shown to be effective.  Several double-blinded, randomized studies showed a decrease in 

pain, swelling, and enhanced physical function in patients with osteoarthritis when 

combining glucosamine with MSM [92,93]. Another study showed that the combination 
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of MSM with BMP2 or growth hormone increased the differentiation of mesenchymal 

stem cells into bone-forming cells and the mineralization process [56].  

1.8 Focus of this Thesis Work 

This thesis focuses on methylsulfonylmethane’s ability to induce osteogenesis by 

recruiting postnatal stem cells and ultimately increase bone formation. Previous studies 

have shown the osteogenic capabilities of BMMSCs in the presence of MSM. However, 

the effect of MSM has not been tested on postnatal dental stem cells. Dental stem cells 

have been identified as a promising source of mesenchymal postnatal stem cells. These 

cells can be recruited and differentiated into multiple specialized cells under the 

appropriate stimulatory conditions. Therefore, I believe it is interesting to elucidate:  A) 

the effect of MSM on dental postnatal stem cells by using SHED cells as a model cell 

system in vitro;  

B) the systemic impact of MSM in aging mice, in vivo. I chose aging mice to study the 

effect of MSM on bone remodeling because, with increasing age, there is a significant 

decrease in bone formation. MSM has osteogenic potential; hence, therapeutic agents that 

improve bone formation are required. I believe the aging mice model with MSM 

treatment is a promising strategy.  

1. 9 Overall Hypothesis and Specific Aims 

My overall hypothesis is that “MSM enhances the osteoinductive capability of 

the postnatal stem cells and induces osteogenic differentiation, resulting in bone 

formation in vitro and in vivo.”  

This hypothesis will be examined in the following three specific aims: 
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1.9.1 Specific Aim 1. Determine the optimal osteogenic conditions for MSM to 

induce osteogenesis in dental postnatal stem cells using SHED cells as a model.  

Specific Aim 1 will be addressed in Chapter 2 of the thesis.  

Hypothesis for specific aim 1:  SHED cells have the potential to differentiate into 

osteoblast-like cells under appropriate osteogenic conditions and induce mineralization in 

vitro and that this osteogenic capacity can be enhanced with MSM.   

Approach: 1) The optimal osteogenic conditions for osteogenesis will be determined by 

using commercially available pre-osteoblast cell lines, MC3T3-E1, and UMR-106, along 

with the SHED cells. I will do a comparative analysis to assess the osteogenic potency of 

each cell line. The osteogenic potential will be assessed by immunoblotting analysis, 

alkaline phosphatase enzyme activity, and mineralization assay (Alizarin Red S staining 

and Von Kossa).  

2) Next, I will determine the effect of MSM on the cell line of interest using the same 

methods as indicated above. I will use SHED cells for further studies. SHED cells will be 

further investigated to demonstrate the effect of MSM osteoinductive potential on SHED 

cells to determine the expression of bone-forming biomarkers at mRNA (semi-

quantitative PCR analysis) and protein (immunoblotting analysis) levels. 

3) Mineralized and demineralized bone particles will be used in combination with MSM 

and SHED cells to clarify its effect on the mineralization process using ARS staining.  

1.9.2. Specific Aim 2. Demonstrate the significance of transglutaminase 2 enzyme 

expression on osteogenesis in response to MSM treatment in SHED cells  
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Specific aim 2 will be addressed in Chapter 3 of the thesis.  

Hypothesis for specific aim 2: Transglutaminase 2 (TG2) enzyme increases the 

osteogenic potential of SHED cells in the presence of MSM.  

Approach: 1) The time-dependent effect of MSM on TG2 expression will be determined 

in SHED.  

2)  MSM effect on TG2 expression and interaction with OPN and collagen 1 will be 

examined using immunoblotting, immunoprecipitation, and immunofluorescence 

analyses s. 3) TG2 inhibitor will be used to elucidate the effect of MSM on the 

osteogenic ability of SHED cells. Necessarily, our goal will be to determine TG2 as a 

downstream target for MSM-mediated signaling involved in osteogenesis.  

1.9.3 Specific Aim 3. Elucidate the systemic effect of MSM on bone formation in long 

bones and mandibles, in vivo, in an aging mouse model. 

Specific Aim 3 will be addressed in Chapter 4 of the thesis.  

Hypothesis for specific aim 3: aging mice injected with MSM will demonstrate an 

increase in bone formation compared to mice injected with vehicle (phosphate-buffered 

saline (PBS)).    

Approach: 1) Thirty-six weeks old C57BL/6 mice will be injected with MSM three 

times a week for 13 weeks. During this time, animals will be observed for health issues 

and weight changes.  

2) Animals will be euthanized after 13 weeks of injections; bones (femurs, tibias, 

mandibles) will be collected, along with blood samples for metabolic biomarker analyses. 
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Enzyme-linked immunosorbent assay (ELISA) will be used to measure the levels of bone 

resorption markers (TRAP, CTX1) and bone formation markers (Osteocalcin, P1NP) in 

the blood serum.  

3) Bone samples will be subjected to histological stainings/histomorphometric and 

microcomputed tomography (Micro-CT) analyses. Longitudinal sections of 5µm 

thickness will be made and stained with TRAP and H & E staining to evaluate changes in 

bone parameters in response to MSM treatment. Immunohistochemistry analyses will be 

performed for bone formation (osteocalcin) and stem cell (CD105) markers.  

I believe the comparison of MSM effect on bone formation between long bones 

(femur and tibia) and cranial bones (mandible) is vital because the origin of these tissues 

and type of bone formation processes are different.  

1.10 Overall Thesis Structure  

The specific aims put forward are divided into three chapters. Chapter 2 will focus 

on aim 1, where we optimized osteogenic conditions for the osteogenesis of dental 

postnatal stem cells using SHED cells as a model. Chapter 3 will focus on specific aim 2, 

where we show TG2 as a possible target for MSM effect on osteogenesis of SHED cells. 

Specific aims 1 and 2 in chapters two and three will establish the basic three 

requirements, including stem cells (e.g., SHED cells), growth factor (MSM), and 

scaffolds (bone particles) required for osteogenesis in vitro. Also, these chapters will 

establish MSM as a possible cost-effective osteoinductive growth factor that can be used 

in bone regeneration. Chapter four will focus on aim 3, where we will show an increase 

in bone formation upon injection of MSM in vivo. Moreover, I believe, MSM will have a 
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more significant effect on the mandibular bone formation than the femur due to the 

presence of postnatal dental stem cells in a higher amount in the mandible than in long 

bones. Finally, in Chapter five, I will summarize and discuss our current findings and 

future perspectives for this research.  

 

  



 18 

 Chapter 2: Effect of Methylsulfonylmethane on Osteogenesis1 

2.1 Abstract 

 Methylsulfonylmethane (MSM) is a naturally occurring, sulfate-containing, 

organic compound. It has been shown to stimulate the differentiation of mesenchymal 

stem cells into osteoblast-like cells and bone formation. In this study, we investigated 

whether MSM could influence the differentiation of stem cells derived from the human 

exfoliated deciduous teeth (SHED) into osteoblast-like and, subsequently, determine their 

osteogenic potential. Here, we report that as observed in other cell lines such as MC3T3-

E1 and UMR-106, SHED cells can also be differentiated into osteoblast-like cells when 

incubated with the osteogenic medium. Moreover, MSM reproduced the results observed 

with the osteogenic medium in SHED cells. MSM induced the differentiation of SHED 

cells, which was determined by an increase in the expression of differentiation markers 

such as osterix, OPN, and RUNX2, at both mRNA and protein levels. An increase in the 

activity of alkaline phosphatase and the formation of mineralization nodules confirmed 

the positive effect of MSM on the differentiation and osteogenic activity of SHED cells. 

SHED cells grown in the basal medium served as controls for MSM- treated cells. 

To conclude, the findings of this study recognize MSM as a novel regulator of 

osteogenesis in SHED cells, and this can be used as a potent, cost-effective 

osteoinductive material. Very intriguingly, the effect of MSM on the mineralization 

                                                
1 Aljohani H, Senbanjo LT, Chellaiah MA. Methylsulfonylmethane increases 
osteogenesis and regulates the mineralization of the matrix by transglutaminase 2 in 
SHED cells. Papaccio G, editor. PLoS One. 2019 Dec 5;e0225598 
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process was further increased by the addition of mineralized bone particles as compared 

with either MSM alone or MSM and non-mineralized bone particles. MSM can act as an 

osteoinductive material when combined with bone particles to enhance mineralization 

and ultimately reinforce bone regeneration.  

2.2 Introduction 

Osteogenesis is the process of bone formation. Osteoprogenitor cells are the stem 

cells of bone that form the bone-forming osteoblasts and osteocytes. Osteoprogenitor 

cells are derived from the primitive mesenchymal cells. Osteoblasts are responsible for 

the synthesis of the organic component of the new bone (aka osteoid), which consists of 

type 1 collagen, glycosaminoglycans, and proteoglycans. Mineralization by osteoblasts 

occurs following the deposition of the organic matrix.  

Embryonic, post-natal, and adult stem cells have been isolated from a variety of 

tissues and found to possess vast regenerative potential [94,95]. Multipotent bone 

marrow-derived mesenchymal stem cells (BMMSCs) separated from the whole bone 

marrow have extensive self-renewal ability. These cells can differentiate into multiple 

lineage cells of bone, cartilage, adipose, and muscle tissues. However, some drawbacks 

have also been reported, which are unpredictable cell behavior, difficulty in manipulation 

into desired tissue, high risk of rejection, and ethical issues [40,96]. MSCs isolated from 

oral tissues, such as dental pulp, periodontal ligament, apical papilla, gingival tissue, 

periosteum, dental follicle, and tooth germ have been shown to have real interactivity 

with biomaterials used for bone regeneration [97]. 
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Most importantly, dental stem cells possess similar gene expression and 

comparable regenerative potential to BMMSCs [61].  The advantages of using stem cells 

from oral tissues are that they can be acquired from a very easily accessible tissue source 

with a less invasive technique. Besides, a sufficient number of cells can be obtained from 

the tissue source for any clinical application, although the tissue area is smaller as 

compared with long bones [98–101].  

Previous studies have demonstrated the osteogenic potential of stem cells isolated 

from the remnant dental pulp of human exfoliated deciduous teeth (SHED cells). These 

cells displayed a higher proliferative rate and differentiation capacity than adult human 

dental pulp stem cells in vitro [71,99]. SHED cells represent a population of multipotent 

stem cells and are pure MSCs. They are not the derivative of hematopoietic cells [66]. 

SHED cells have unique characteristics compared with bone marrow stromal cells [102]; 

they have a higher proliferation rate and have the potential to induce new bone formation 

[102,103].,. Also, these cells exhibit multipotential differentiation. In vivo transplantation 

experiments revealed strong osteogenic capacity [66,96,104,105]. 

 Recently it has been shown that MSM enhances osteoblast differentiation from 

osteoblast-like cells and MSCs [56,106]. MSM is an organic sulfur compound with the 

formula (CH3)2SO2, and it is also known as methyl sulfoxide or dimethyl sulfoxide. 

MSM is found in fruits, vegetables, grains, and beverages. Sulfur has anti-inflammatory 

properties and is required for healthy connective tissue and joint function. Therefore, 

MSM has been used for treating arthritis (rheumatoid and osteoarthritis) conditions 
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[87,93,107]. MSM can be used as a cost-effective osteoinductive material in inducing 

osteogenesis, and, ultimately, bone formation.                                                                                     

There is limited information regarding the effects of MSM on mineralization in 

SHED cells or how MSM may influence these cells in the presence of scaffold materials. 

Therefore, our aim here is to identify the osteogenic differentiation potential of SHED 

cells in the presence of MSM as well as in the presence of mineralized and demineralized 

bone particles. We hypothesized that MSM has the potential to induce the mineralization 

of SHED cells. Mineralized bone particles improve the mineralization property of SHED 

cells in the presence of MSM. Here, we report that MSM has similar effects or more than 

the effect of the osteogenic medium on the induction of osteogenic potential of SHED 

cells. Although more studies are required on the molecular mechanisms of induction of 

bone formation, our initial studies suggest that SHED cells, mineralized bone particles, 

and MSM together have the prospective for bone regeneration. 

 2.3 Materials and Methods                                                                                  

Reagents                                                                                                 

 Methylsulfonylmethane (MSM), ascorbic acid, β-glycerophosphate, Calcein Blue, 

MTT assay kit, alkaline phosphatase staining kit, and GAPDH antibody were purchased 

from Sigma (St. Louis, MO). The following antibodies were bought from the company 

indicated in parenthesis: Collagen alpha 1 (Col 1; Novus Biological; Littleton, CO); 

Osteopontin (OPN; Abcam, Cambridge, UK), Runt-related transcription factor 2 

(RUNX2) and HRP conjugated (mouse or rabbit) secondary antibodies (Santa Cruz 

Biotechnology, Dallas, TX); Osterix (Millipore, MA, USA). Alizarin Red S (ARS) 2% 
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staining solution was from LifeNet® Cell Technology (CM-0058; Fredrick, MD). Super 

Signal™ West Pico Chemiluminescent substrate was bought from ThermoFisher 

Scientific (Waltham, Massachusetts). Demineralized and mineralized bone particles were 

from LifeNet Health® (Virginia Beach, Virginia). 

Cell Culture  

 MC3T3-E1 (Mouse calvaria derived pre-osteoblasts) and UMR-106 (Rat 

osteosarcoma cells) were obtained from American Type Culture Collection (ATCC, 

Manassas, VA).  

SHED cells were a kind gift from Dr. Jacques Nör (University of Michigan, Ann Arbor). 

Briefly, stem cells were collected from exfoliated deciduous incisors of 7-8-year-old 

children under approved guidelines set by the National Institutes of Health Office of 

Human Subjects Research [108]. The pulp was separated from a remnant crown and then 

digested in a solution of 3 mg/ml collagenase type I (Worthington Biochem, Freehold, 

NJ) and 4 mg/ml dispase (Roche Molecular Biochemicals) for 1 h at 37°C [43]. Single-

cell suspensions were obtained by passing the cells through a 70-µm strainer (Falcon) 

[65].  

 UMR-106 cells were cultured in DMEM media containing 10% FBS, 1% 

penicillin/streptomycin, and 0.05% Gentamicin. Whereas, MC3T3-E1 and SHED cells 

were maintained in α-minimal essential medium (MEM) with 10 % fetal bovine serum 

and 1% penicillin/streptomycin. All cells were maintained at 37 C in the presence of 5% 

CO, and the media was changed every 3 days. For osteogenic differentiation, cells were 

incubated with osteogenic medium (OM), which consists of osteogenic factors, such as 
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50 µM ascorbic acid, 5 mM β-glycerophosphate, in addition to 0.05% Gentamicin as an 

antibiotic.  Some cultures were treated with MSM in the basal medium (BM) with no 

osteogenic factors.  

Immunoblotting Analysis  

Cells were seeded in a 6-well plate. Cells were grown in the presence and absence 

of MSM (20 mM), and cells grown in the osteogenic medium were used as controls.  The 

cells were lysed with 1X radioimmunoprecipitation assay buffer (RIPA) with a protease 

inhibitor and scraped with a cell scraper. Lysates were placed on ice for 15 minutes and 

then centrifuged at 15,000 rpm for 15 minutes at 4 ºC. The supernatant was collected, and 

the protein concentration was determined using the Bradford assay. An equal amount of 

lysate proteins was analyzed by SDS-PAGE on 10% gel and transferred to PVDF 

membrane. Membranes were blocked for 2 hours in 5% bovine serum albumin (BSA) in 

phosphate-buffered saline with Tween-20 (PBS-T), then incubated with the primary 

antibody of interest in PBS-T at the recommended dilution at 4 ºC overnight. Membranes 

were washed three times with PBS-T and then incubated with species-specific HRP-

conjugated secondary antibody in PBS-T at the recommended dilution at RT for 2h. 

GAPDH antibody (1:5000 dilution in PBS-T) was used as a loading control. After three 

washes for 5-10 min each, protein bands were visualized by chemiluminescence using an 

ECL kit [109,110]. 
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Semi-quantitative Polymerase Chain Reaction (RT-PCR) Analysis  

Total RNA was extracted from cells incubated with osteogenic medium with or 

without MSM for 21 days. TRizol reagent was used to extract RNA according to the 

manufacturer's protocol; cDNA was synthesized using the SuperScript ® III First-strand 

Synthesis System (Invitrogen, Carlsbad, CA) with 2 µg of total RNA. We used the 

following steps for PCR reaction with primers shown in Table 1 [111]:  95 ºC for 2 min, 

95 ºC for 15 s, 56 ºC for 30 s, 72 ºC for45 s, and 72 ºC for 5 min, for a total of 35 cycles. 

After amplification, the PCR products were separated by electrophoresis on a 2% agarose 

gel, stained with GelGreen™, and visualized by a G-box  [112,113].  

 

 

 

 

 

 

 

 

 

 

 

Table 1 Primers used for semi-quantitative RT-PCR 
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MTT assay  

The MTT colorimetric assay analyzes the number of viable cells by the cleavage 

of tetrazolium salts added to the culture medium. MSM toxicity was assayed by 

measuring blue formazan formed from the 3-(4-5-dimethlthiazol-2-yl) 2-5-diphenyl 

tetrazolium bromide (MTT)) salt by the cleavage of mitochondrial dehydrogenase 

enzyme (Sigma) as described previously [114]. Cells were seeded at a density of 3000-

4000 cells/well in a 96-well flat-bottomed microtiter plate one day before the application 

of any treatment. Cells were incubated for 24 h and 21 days at various concentrations of 

MSM (0, 15, 20, 40 mM). MTT was added to each well and incubated for 4h at 37 °C. 

MTT solubilization solution provided by the manufacturer was added to the wells to stop 

the chemical reaction, and absorbance was read at 570 nm as per instructions provided by 

the manufacturer (Sigma). 

Alkaline phosphatase (ALP) activity analysis 

Two forms of ALP activity assays were used: a visualization staining kit and an 

enzyme activity assay. Cells were seeded in a 6-well plate containing coverslips and 

treated with OM for 7 days. ALP staining was performed to detect the level of ALP 

according to the instructions provided by the manufacturer (Sigma) and as described 

previously [115]. Briefly, after the removal of medium, cells were washed twice with 

PBS. They were then fixed with a fixing solution provided in the kit for 30 seconds. 

Coverslips were rinsed in deionized water and incubated with the alkaline-dye mixture 

for 15 min in the dark at room temperature. Cells were washed sequentially, first with 

deionized water, two times (2 min each), and then quickly one time with tap water. 

Coverslips were air-dried and then mounted on a glass slide with mounting medium 
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Vectashield H-1000 (Vector Labs, USA). The slides were viewed using phase-contrast 

microscopy, and images were captured using a Nikon Eclipse TE 2000- inverted light 

microscope using 4X objective. 

Alkaline phosphatase (ALP) colorimetric assay was used to measure the activity 

of ALP. Cells were seeded in a 6-well plate in the presence or absence of MSM (20 mM) 

for 0, 7, 14, and 21 days. Cells were washed with cold PBS three times and collected with 

lysis buffer (50 mM Tris, 0.1% Triton-X100, 1mM MgCl2, 100 mM glycine). Lysates 

were centrifuged at 14,000 rpm for 5 min. An equal amount of supernatant protein was 

used in triplicates in a 96-well plate to measure the activity. P-Nitrophenyl phosphate (10 

µl; Sigma) was added to each well, and the absorbance was measured at 405 nm using a 

microplate reader (Cytation3 image reader) with software (Gen5 version 2.09). 

Alizarin Red S Staining 

Cells were seeded in a 6-well plate with and without MSM (20 mM) and 

incubated for 21 days. Cells grown in the osteogenic medium were used as a positive 

control. To evaluate the effect of MSM on matrix mineralization, SHED cells were 

washed with PBS three times and fixed with absolute ethanol for 30 min at room 

temperature. After aspiration of ethanol, 2% Alizarin red stain solution was added to each 

well until the cells were covered completely, then incubated at room temperature for 45 

min in the dark as described previously [115]. Subsequently, wells were washed with 

deionized water three times to remove unincorporated excess dye. The plates were then 

scanned with the EPSON Perfection V200 Photo scanner. Magnified pictures of the wells 

were taken using phase-contrast microscopy, and images were captured using Nikon 

Eclipse TE 2000- inverted light microscope using 10X objective.  
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Von Kossa Staining 

Cells were seeded in a 6-well plate with and without MSM (20 mM) and 

incubated for 21 days. Cells grown in the osteogenic medium were used as a positive 

control. SHED cells were washed with PBS three times and fixed with 10% 

paraformaldehyde for 10 min at room temperature. After the aspiration of fixative and 

washing with PBS, 5% silver nitrate solution was added to each well until the cells were 

covered completely, then incubated under direct sunlight for 15-30 minutes, as described 

previously [116]. Subsequently, wells were washed with deionized water three times to 

remove unincorporated excess dye. The plates were then scanned with the EPSON 

Perfection V200 Photo scanner. Magnified pictures of the wells were taken using phase-

contrast microscopy, and images were captured using Nikon Eclipse TE 2000- inverted 

light microscope using 10X objective.  

Calcein Blue Staining 

SHED cells grown in the presence and absence of MSM (20 mM) were labeled 

for calcein, as described previously [116,117]. Briefly, a calcein blue stock solution (3.1 

x 10-3 M.) made with KOH was added to the medium 1h before fixation to a final 

concentration of 30 µM. The cells were washed three times with PBS and fixed with 4% 

formaldehyde in PBS for 10 min. Calcein-labeled cells were imaged using the Cytation 3 

image analyzing system (Gen5 version 2.09). 
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Statistical Analysis 

Quantitative data are expressed as the mean ± SEM, and statistical significance was 

determined using one-way ANOVA or Student T-test when applicable (Graph Pad Inc, 

San Diego, CA). The level of significance was set at P< 0.05. 

2.4 Results  

SHED cells morphology and osteogenic capability.  

To optimize the conditions for differentiation and osteogenesis, SHED cells were 

cultured in osteogenic medium (OM). MC3T3-E1were used as a control, and also grown 

in OM. SHED cells cultured in the basal medium (BM) were used as controls. Cells 

grown in BM for 7 days displayed a fibroblast-like morphology (Figure 2.1A). ALP 

activity is one of the early markers of osteoblast differentiation. The ability of SHED 

cells and MC3T3-E1 to differentiate into osteoblast-like cells was confirmed by ALP 

staining (Figure 2.1B and C). After 7 days in OM, SHED cells and MC3T3-E1 were 

stained for alkaline phosphatase enzyme activity (Figure 2.1B and C).  It is apparent that 

SHED cells incubated with OM displayed an increase in the number of differentiated 

cells and formed a multilayered cell-sheet that were positive for ALP staining (Figure 

2.1B). MC3T3-E1 cells were used as a control for SHED cells in osteogenic 

differentiation (Figure 2.1, panel C). These results confirmed that SHED cells could be 

differentiated into osteoblast-like cells in vitro in the presence of OM.  
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Figure 2.1 Morphology of SHED cells and alkaline phosphatase staining in 
SHED and MC3T3 cells  
Phase-contrast micrographs of SHED cells at 7 days in the presence of basal 
medium (A) showing fibroblast-like morphology. Alkaline phosphatase (ALP) 
stained SHED (B) and MC3T3-E1 (C) cells are shown in Panel (B) and (C). 
Cells were incubated with OM for 7 days. Magnification is 100X.  
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Optimization of culture conditions in SHED cells for osteogenic conditions  

a. Osteogenic medium induced the expression of osteogenic markers in MC3T3-E1, 

UMR-106, and SHED cells.  

MC3T3-E1, UMR-106, and SHED cells were cultured in OM and analyzed for 

the expression of osteoblast-specific markers. Respective cells grown in BM were used as 

controls. MC3T3-E1 is an osteoblast cell line derived from a C57BL/6 mice calvarias, 

and UMR 106 is a rat osteosarcoma cell line. These cell lines have been used extensively 

to study osteoblast physiology and bone formation in vitro [118,119]. RUNX2 is an 

essential transcriptional modulator of osteoblast differentiation, which regulates 

osteoblast marker genes, including Col 1, OPN, and OCN. Therefore, we first wanted to 

determine the expression of RUNX2 and OPN in the pre-osteoblast cell lines, MC3T3-

E1, and UMR-106. Immunoblotting analyses showed an increase in the expression of 

these markers in cells cultured in OM (Figure 2.2A and B, lane 2) as compared with 

cells grown in BM for 7 days (Figure 2.2A, lane 1).  To attentively investigate the 

differentiation capabilities of SHED cells, we further analysed the expression of 

osteoblast-specific markers of interest at mRNA and protein levels by RT-PCR and 

immunoblotting analyses, respectively.  The mRNA expression of ALP, OPN, and OCN 

increased significantly in response to OM for 7 days (Figure 2.2C, lane 2). We then 

determined the expression levels of osteoblast differentiation markers (OPN, RUNX2, 

and Osterix) at the protein level by immunoblotting analysis. Osterix is also a 

transcriptional factor indispensable for osteoblast differentiation, and it is a downstream 

target of RUNX2. Osterix regulates the expression of osteogenic markers, including Col 

1, OPN, and OCN [120,121]. A significant increase in OPN, RUNX2, and Osterix 
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(Figure 2.2D, lane 2) suggests that SHED cells can be differentiated into osteoblast-like 

cells in the presence of OM. The levels of these proteins were either very minimal or not 

observed in cells grown in BM (Figure 2.2 A-D, lane 1). An increase in the expression of 

OPN, OCN, and Col 1 supports the critical functions of RUNX2 and osterix in the 

osteogenic activity of SHED cells. 
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Figure 2.2 Osteogenic medium induces the expression of osteogenic markers 

in MC3T3-E1, UMR-106, and SHED cells 

Expression of OPN and RUNX2 at the protein level was determined by 
Immunoblotting analysis in MC3E3-E1(A), UMR-106 (B), and SHED (C) 
cells incubated with BM (-) or OM (+) for 7 days. Expression of Osterix was 
also determined at protein level by immunoblotting analysis (D) in SHED 
cells. Expression of ALP, OPN, and OCN at the mRNA levels was 
determined by RT-PCR analysis (C) in SHED cells incubated with BM (-) or 
OM (+) for 7 days. GAPDH was used as a loading control for RT-PCR and 
immunoblotting analyses. (E) Expression of OPN, RUNX2, and Osterix 
proteins were quantitated three separate experiments (n=3), and levels are 
provided as a percent increase for each protein. Error bars represent SEM. 
**** p< 0.001; **p<0.01 vs. basal medium (-).  
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b. OM induces mineralization  

 We then investigated the mineralization ability of all three cell types using ALP 

activity and Alizarin Red S (ARS) staining assays. All three cell types showed an 

increase in ALP activity in cells incubated with OM for 7 days (Figure 2.3, panel A) as 

compared to cells incubated with the BM. Similarly, an increase in the ARS staining was 

observed in response to OM for 14 days in all the cells tested. ARS staining in SHED cell 

is comparable to the ARS staining intensity of MC3T3-E1 and UMR-106 cells (Figure 

2.3, panel B). After evaluating with OM, we continued to determine the effect of MSM 

on the osteogenic potential of SHED cells. We used the same incubation time for the 

respective analyses.  
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Figure 2.3 Osteogenic medium induce Alkaline phosphatase enzyme activity and 

mineralization in MC3T3-E1, UMR-106, and SHED cells  

A. Alkaline phosphatase enzyme activity is shown for MC3T3-E1, UMR-106, and 
SHED cells after incubation in OM for 7 days. Statistical measurements for ALP 
activity are provided in a graph (A). Data are expressed as mean (n=3) with error 
bars representing SEM. p<0.001 vs. BM treated cells. Mineralization was assessed 
by ARS staining after 14 days in OM (B). Cells grown in basal medium (BM) 
were used as controls. Data shown are representative of three independent 
experiments. 
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Analyses with MSM in SHED cells 

a. MSM did not affect the viability of UMR-106 and SHED cells.  

We first tested the cytotoxicity of MSM and the viability of UMR-106 and SHED 

cells using an MTT assay. Both cells were treated with various concentrations of MSM 

(0, 15, 20, 40 mM) for 24h (Figure 2.4A and B). SHED cells are slow-growing cells. 

Since experiments will be conducted for 7-21 days, we wanted to make sure that long-

term exposure to MSM does not affect the viability of SHED cells. MTT assay was also 

done in SHED cells treated with MSM for 21 days. No notable toxicity was observed at 

varying concentrations of MSM treated for either 24h (Figure 2.4, panels A and B) or 21 

days (Figure 2.4, panel C). Therefore, we chose a 20mM concentration of MSM for all 

the experiments described below.  
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Figure 2.4 MSM does not affect the viability of UMR-106 or SHED cells 

MTT assay was preformed to measure the effect of MSM on the viability 
of UMR-106 and SHED cells after 24h (A-B). Extended exposure of 
SHED cells to MSM for 21days was also assessed by MTT assay (C). No 
significant cytotoxicity was observed in cells treated with MSM, either 
short term or long term. MTT assay was done in quadruplicates at the 
indicated concentrations. Data are expressed as mean (n=4) with error 
bars representing SEM. P<0.001 vs. BM treated cells.  Data shown are 
representative of three independent experiments. 
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b. MSM induced the osteogenic potential of control UMR-106 cells 

UMR- 106 has a high proliferative rate [122] and has been used extensively for in vitro 

studies related to osteoblast differentiation and bone formation [123]. Therefore, UMR-

106 was initially used to delineate the osteogenic potential of MSM. ALP activity is one 

of the early markers of osteoblast differentiation. MSM and OM stimulated ALP activity 

in UMR-106 cells as compared with BM (Figure 2.4A). The increase in the ALP activity 

is equal in both OM and MSM-treated cells. This indicates that MSM has the ability to 

induce osteogenesis in UMR-106 in a similar way as OM. 

Moreover, the determination of calcium deposits is a good indication of osteogenesis 

in vitro by MSM.  ARS and Von Kossa (VK) are widely used to detect mineralized 

nodules in vitro in cell cultures [124]. Therefore, ARS (Figure 2.4, panel B) and VK 

(Figure 2.4 panel C) stainings were done in cells treated either with MSM or OM for 7 

days. Mineralized nodules were observed in cells treated with MSM and OM (nodules 

were enlarged in B’).   
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Figure 2.5 MSM induces Alkaline phosphatase enzyme and mineralization 

activities of UMR-106 

Alkaline phosphatase enzyme activity for UMR-106 cells was determined after 
incubation OF CELLS in OM for 7 days. Statistical measurements for ALP activity 
are provided in a graph (A). Data are expressed as the mean (n=3) with error bars 
representing SEM. p<0.001 vs. BM treated cells. No statistical significance was 
detectable between OM and MSM groups. Mineralization was assessed by ARS 
staining after 7 days in OM and MSM (B). Representative magnified phase-
contrast micrographs are shown in the bottom panel. Data shown are representative 
of three independent experiments. Analysis of extracellular calcium deposition was 
done using Von Kossa (VK) staining (C). An enlarged view of ARS (left) and VK 
(right) stained mineral deposits are shown in panel B’ (magnification is 40X). Data 
shown are representative of three independent experiments. 
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c. MSM enhances the expression of osteoblast differentiation and osteogenesis 

markers in SHED cells   

Here, our focus is to elucidate the effect of MSM on SHED cells. Firstly, we 

analyzed the expression levels of osteoblast-specific markers in SHED cells incubated 

with BM supplemented with MSM (20 mM) (Figure 2.5) as we did in cells incubated 

with OM (Figure 2.2). The expression levels were measured at mRNA and protein levels 

by RT-PCR (Figure 2.5A) and immunoblotting (Figure 2.5B) analyses, respectively. As 

observed in OM treated cells (Figure 2.1, panels C and D), RT-PCR and immunoblotting 

analyses demonstrated an increase in the expression levels of osteoblast differentiation 

marker genes at mRNA (ALP, OPN, and OCN; Figure 2.5A) and protein (Col 1, OPN, 

RUNX2, Osterix; Figure 2.5B) levels as compared with cells grown in BM with no 

MSM ((-), lane 1 in Figure 2.5, panels A and B). These findings support our hypothesis 

that MSM has the potential to promote the differentiation of SHED cells into osteoblast-

like cells, and the effect of MSM is comparable to OM (Figure 2.2).  
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Figure 2.6 MSM increases the expression of osteogenic markers at mRNA and 

protein levels.  

RT-PCR and Immunoblotting analysis showing the expression levels of 
osteogenic markers such as ALP, OPN, and OCN in SHED cells treated with MSM 
(+; 20mM) (A and B, lane 2). Cells treated with BM alone with no MSM (-) were 
used as controls (A and B lane 1). Immunoblotting analyses were conducted with 
Col 1, OPN, RUNX2, and Osterix antibodies in lysates made from SHED cells 
treated with MSM for 21 days. BM treated cells (-) were used as controls. GAPDH 
was used as a loading control (A and B). (C) Percentage expression increase from 
three independent experiments. Error bars represent SEM. ***p< 0.001; **p<0.01 
vs. BM (-) treated cells.  
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d. MSM induced the osteogenic potential of SHED cells 

ALP activity represents the osteoinductive activity of the cells in response to the 

treatment of interest. To delineate the osteogenic potential of MSM, we first determined 

the ALP activity in SHED cells treated with MSM, OM, and BM for 21 days. 

Interestingly, MSM significantly increased the activity of ALP, which was found to be 6-

7-fold more than the effect observed with OM (Figure 2.6, panel A). Since the 

determination of calcium deposits is a good indication of osteogenesis in vitro, we then 

did ARS staining in SHED cells treated with MSM and OM for 21 days (Figure 2.6, 

panel B). More mineralized nodules were observed in cells treated with MSM than with 

OM.  Besides, more prominent nodules (indicated by arrows in Figure 2.6 C) and several 

smaller size nodules were also seen in MSM-treated cells. Also, the sheath of cells looked 

more fibrous and denser with deposits of calcium, which are stained dark in MSM-treated 

cells (Figure 2.6, panel C). Calcium in the mineralized nodules was also determined by 

Von Kossa (VK) staining or labeling calcium by a fluorescent molecule called calcein. 

Cells grown in BM were used as controls. Black patches represent calcium deposits in 

VK stained cells (+, Figure 2.6, panels D, and E). Fluorescent (blue) staining of 

mineralized nodules by calcein labeling (+, Figure 2.6 F) validates the observations 

shown with ARS and VK stainings in MSM-treated cells. The bone matrix formed by 

MSM was very dense and revealed deposits of calcium salts. These results indicate that 

MSM has noticeable effects, not only on the differentiation of SHED cells into 

osteoblast-like cells but also on the mineralization of the matrix.  
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Figure 2.7 Detection of mineralized matrix and calcium deposits in SHED 

cells treated with MSM for 21 days. 

A. ALP activity was determined in SHED cells treated with MSM for 21 days. 
SHED cells treated with osteogenic medium (OM) and basal medium (BM) 
for 21 days were used as controls. Data are expressed as the mean with error 
bars representing SEM (n=3). ****p<0.0001 vs. OM-treated cells for 21 days.   

B and C: Mineralization was assessed by Alizarin red S staining (ARS) in 
SHED cells treated with MSM for 21 days. Cells treated with OM and MSM 
are shown in duplicate (B). Representative magnified phase-contrast 
micrographs (40X magnification) are shown in C. Arrows indicate 
mineralized nodules in OM and MSM panels (C). Data shown are 
representative of three independent experiments.  

D-F: Analysis of mineralized nodule formation by Von Kossa (VK; panels D 
and E) and calcein blue (CB; panel F) staining in vitro. An enlarged view of a 
VK stained nodule is shown in E (+). Fluorescence analysis of the calcein 
bound mineral nodules containing calcium are shown in F (+). Magnification 
is 100X in E and F. Cells in BM (-) was used as a control. Data shown are 
representative of three independent experiments. 
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MSM induced mineralization in SHED cells incubated with mineralized bone 

particles and demineralized bone particles  

Scaffolds play a vital role by serving as templates for host cells and supporting the 

regeneration of any bone defects [125,126]. Osteoblasts use the surrounding matrix as a 

template for mineral deposition [127]. Here we tested the effectiveness of demineralized 

(DBP) and mineralized (MBP) bone particles on the mineralization process of SHED 

cells in the presence of MSM for 14 days (Figure 3.7; G and H). Cells grown in BM 

(Figure 3.7E) and MSM only (Figure 3.7F) were used as controls. After 14 days in 

culture, cells were stained with ARS. Pictures are shown in areas with no bone particles 

to provide a clear view of osteogenic induction (G and H). MB particles in the presence 

of MSM appeared to have better osteogenic potential than the ones added with 

DBP/MSM (G) or MSM only (F) in vitro. Our initial characterizations with MSM and 

SHED cells suggest that these are promising candidates for osteoinduction purposes in 

treating bone defects. In terms of osteoinduction, MBPs appear to have an advantage over 

DBPs. However, detailed analyses on cell proliferation, differentiation, and determination 

of osteogenic markers are lacking and must be further examined in the future. 
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Figure 2.8 Effect of MSM and bone particles on the mineralization of SHED cells.  

 
Phase-contrast micrographs of A and B:  the morphology of demineralized (DBP) 
and mineralized (MBP) bone particles; C and D: SHED cells incubated with DB 
and MB bone particles with no MSM; E: Cells treated with BM only; F: Cells 
treated with MSM in BM; G and H: Cells treated with DBPs and MBPs. SHED 
cells were kept in indicated treatments for 14 days except C and D and then ARS 
stained (Panels E-H). In C and D, cells were added with indicated BPs and images 
were taken after 24h. Magnification is X100. Data shown are representative of 
three independent experiments. 
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2.5 Discussion 

In this study, we sought to determine the effect of MSM on the osteogenesis of 

SHED cells. The use of craniofacial stem cells has been shown to be suitable for oral 

bone regeneration [104]. First, we wanted to optimize and standardize culture conditions 

in SHED cells for osteogenic differentiation. For this reason, we used osteoblast 

precursor cell lines such as MC3T3-E1 and UMR-106 as positive controls.  The current 

study shows optimal conditions to achieve osteogenesis in all three cell lines in an 

equivalent manner.  However, due to the cancerous origin of UMR-106, they were able to 

induce osteogenesis in a shorter incubation period, i.e., 5-7 days [128]. MC3T3-E1 and 

SHED cells required a more extended incubation period for up to 14-21 days. In the 

present study, we found that OM increased the expression of osteogenic markers in 

MC3T3 E1, UMR-106, and SHED cells at protein levels (Col 1, RUNX2, Osterix, and 

OPN) which corresponds to observations by others [106,108,115]. A similar result was 

observed at the mRNA levels in SHED cells.  

UMR is a widely used model of the osteoblast phenotype. Since UMR-106 cells 

grow faster, we used this cell line to elucidate the effect of MSM on osteogenesis. MSM 

has been shown to enhance growth hormone signaling and osteoblast differentiation 

through the Jak2/STAT5b pathway in UMR-106 and MSCs [106]. In our studies, we did 

not use exogenous BMP2 or growth factors with MSM. Our findings with MSM in 

SHED cells imply that MSM has the potential to induce osteogenesis as observed by 

others (23, 24). Also, MSM had no impact on the survival or proliferation of either UMR 

or SHED cells when treated with increasing concentrations of MSM for an extended 

period (e.g., 21 days). 
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Moreover, MSM has similar effects as OM on the expression of osteogenic 

markers at the mRNA (ALP, OPN, and OCN) and protein levels (Col 1, RUNX2, 

Osterix, and OPN) in SHED cells treated with MSM for 21 days. Our observations 

suggest that the effect of MSM on SHED cells is equivalent to the effects shown in MSCs 

with OM [56,106].  We believe MSM could enhance the osteoblast lineage properties of 

SHED cells independent of BMP2 or growth hormone.  

Consistent with the findings by others in human dental pulp stem cells [129], we 

showed here that SHED cells can differentiate into osteoblast-like cells. These cells could 

express osteogenic markers in response to MSM. ALP activity represents an early 

differentiation marker for osteoblasts [11]. The ability of the proliferation of SHED cells 

is reflected in the activity of ALP in response to OM or MSM treatment. Mineralization 

is the final stage of osteogenesis. In our study, we demonstrated the ability of MSM to 

induce ECM deposition and nodule formation by SHED cells.  The craniofacial stem 

cells were identified as suitable cells for oral bone regeneration [104]. Ours is the first 

study to demonstrate that SHED cells are responsive to MSM in differentiation and 

mineralization processes. Based on the response of the SHED cells to MSM, we believe 

that SHED cells may fall in the category of craniofacial stem cells and are, therefore, a 

promising candidate for tissue engineering. 

Most importantly, SHED cells treated with MSM displayed an equivalent effect to 

that observed with OM in the expression of osteogenic markers. RUNX2 is a critical 

transcriptional factor, and the expression of RUNX2 is associated with osteoblast 

differentiation [7,130]. An increase in RUNX2 expression in MSM treated cells suggests 

that it may have a regulatory role in the expression of its target genes, such as OPN and 
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OCN. These initial characterizations suggest that SHED cells may have unique 

characteristics, as indicated by others [62,66]. The outcome here is that SHED cells are 

inducible by MSM. MSM promoted the differentiation of SHED cells by increasing the 

expression of RUNX2 or Osterix.  A limitation of this study is the lack of elucidation of 

the signaling mechanisms associated with the differentiation and mineralization 

processes. Future studies will determine the mechanism by which MSM regulates the 

differentiation and expression of osteogenic markers in SHED cells in vitro.  

The other critical element of regenerative medicine is the use of scaffolds, which 

provide structural support for the regenerative material and block endothelium migration 

to the site of surgery [131,132]. As a preliminary study, we looked at the effect of bone 

particles (MB and DB) on mineralization in the presence of SHED cells and MSM. 

Previous studies by others demonstrated that freeze-dried mineralized bone allografts had 

more significant bone formation potential than demineralized bone allografts [133]. 

Therefore, we used both types of bone particles in the presence of MSM and SHED cells. 

We have shown here an increase in mineralization with MB particles as compared with 

DB particles in vitro. We observed an increase in mineralization with MB particles in 

vitro. Demineralized bone particles may provide more biologically active bone 

morphogenetic proteins for cell adhesion [134], and the effect could be different in vivo. 

Failure of analyses of the potency of DM and MB particles in vivo in the presence of 

MSM and SHED cells is the limitation in the current study. We will address this issue in 

future research in a mice model system.  



 48 

 Chapter 3: MSM Induce Osteogenesis of SHED Cells Regulates the 

Mineralization of the Matrix by Transglutaminase-21 

3.1 Abstract 

In Chapter 2, we demonstrated the ability of MSM to differentiate SHED cells 

into osteoblast-like cells and their osteogenic potential. Here, we determined the role of 

TG2 enzyme in the calcification process via cross-linking of matrix proteins.  

Additionally, we showed that MSM increases total cellular levels of TG2 in a time-

dependent manner from days 7 to 21. Immunoprecipitation and immunoblotting analyses 

displayed an interaction of TG2 with OPN in MSM treated cells compared to basal 

medium treated controls. Also, MSM increases the colocalization of TG2 with Col 1 and 

OPN in immunostaining analyses. Interestingly, cystamine, an inhibitor to TG2 reduced 

not only the differentiation of SHED cells but also the formation of mineralization 

nodules. Also, cystamine showed a significant decrease in the co-precipitation of TG2 

with matrix proteins (OPN or Col 1). Overall, our results reveal that TG2 is likely a cue 

in the regulation of differentiation and mineralization processes of SHED cells in 

response to MSM in vitro.  MSM promotes the mineralization process via cross-linking 

of matrix proteins with calcium in the matrix. The inhibitor studies suggest a positive 

feedback loop between the expression of TG2 and matrix proteins.  

3.2 Introduction  

 MSM is a naturally occurring, sulfate-containing, organic compound. It has been 

shown to stimulate the differentiation of mesenchymal stem cells into osteoblast-like 

cells and bone formation [56,106]. In chapter 2, we demonstrated the effects of MSM and 
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OM on the differentiation of SHED cells into osteoblast-like cells and their osteogenic 

activity. SHED cells have been shown to have high plasticity as they can differentiate 

into several cell types such as neurons, adipocytes, odontoblasts, and osteoblasts. These 

cells were identified as a highly proliferative population of cells, and after 

transplantation, they were able to induce bone formation. They have also been used for 

bone tissue engineering in vivo for patients with bone defects [66,96,104,105].  Although 

adult human dental pulp stem cells have also been isolated and characterized [65], SHED 

cells appeared to be more advantageous for clinical use because of their proliferative and 

differentiation capacity [66]. In addition to having stem cell properties, they have an 

added advantage of being easily accessible and also require less invasive collection 

techniques. Therefore, our aim is to identify the osteogenic differentiation potential of 

SHED cells in the presence of MSM and the possible involvement of TG2. 

 Bone matrix consists of extracellular matrix proteins such as collagen, several 

non-collagenous proteins, and enzymes, which regulate the process of mineralization 

[22,135]. TG2 is a multifunctional enzyme that has been shown to associate with the 

matrix maturation and mineralization processes of bone matrix [136,137]. TG2 mediates 

post-translational modification of both intra- and extracellular proteins by catalyzing the 

formation of ε-(γ-glutamyl) lysine bonds [21]. Tissue transglutaminase has been reported 

to be involved with OPN, BSP, collagen, and fibronectin, which are the substrates for the 

formation of bone matrix and the process of mineralization [135]. Once TG2 is deposited 

into the ECM, it increases the resistance of protease to degradation through its cross-

linking activity [138].  
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Since there is limited information regarding the effects of MSM on the cross-

linking activity of matrix proteins and mineralization processes in SHED cells, we aimed 

to address these issues in vitro. We hypothesized that MSM has the potential to induce 

the mineralization of SHED cells by increasing the level and activity of TG2. TG2 could 

be an essential target of MSM during the mineralization of SHED cells by promoting 

cross-linking of matrix proteins of interest (e.g., Col 1, OPN, etc.). TG2 interaction with 

OPN on day 7 and Col 1 fibers at day 21 suggests that these proteins may function as 

scaffolds for the MSM-mediated mineralized matrix formation. These studies provide a 

foundation for further studies on the role of TG2 on MSM-mediated bone formation by 

SHED cells.  

3.3 Materials and Methods 

Reagents  

Methylsulfonylmethane (MSM), ascorbic acid, β-glycerophosphate, Calcein Blue, 

MTT assay kit, alkaline phosphatase staining kit, cystamine, and GAPDH antibody were 

purchased from Sigma (St. Louis, MO). The following antibodies were bought from the 

company indicated in parentheses: Collagen alpha 1 (Col 1; Novus Biological; Littleton, 

CO); Osteopontin (OPN; Abcam, Cambridge, UK), Transglutaminase (TG2; Abcam, 

Cambridge, UK), Runt-related transcription factor 2 (RUNX2) and HRP conjugated 

(mouse or rabbit) secondary antibodies (Santa Cruz Biotechnology, Dallas, TX); Osterix 

(Millipore, MA, USA). Alizarin Red S (ARS) 2% staining solution was from LifeNet® 

Cell Technology (CM-0058; Fredrick, MD). Fluorochrome-conjugated secondary 

antibody Alexa Fluor 488 (#4412) and Alexa Fluor 555 (#8953) (Cell Signaling 

technology®, Danvers, USA) Super Signal™ West Pico Chemiluminescent substrate was 
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bought from Thermo Fisher Scientific (Waltham, Massachusetts). Demineralized and 

mineralized bone particles were from LifeNet Health® (Virginia Beach, Virginia). 

Cell Culture  

SHED cells were a kind gift from Dr. Jacques Nör (University of Michigan, Ann Arbor). 

Briefly, stem cells were collected from exfoliated deciduous incisors of 7-8-year-old 

children under approved guidelines set by the National Institutes of Health Office of 

Human Subjects Research [108]. The pulp was separated from a remnant crown and then 

digested in a solution of 3 mg/ml collagenase type I (Worthington Biochem, Freehold, 

NJ) and 4 mg/ml dispase (Roche Molecular Biochemicals) for 1 h at 37°C [43]. Single-

cell suspensions were obtained by passing the cells through a 70-µm strainer (Falcon) 

[65]. 

 Cells were maintained in α-minimal essential medium (MEM) with 10 % fetal 

bovine serum and 1% penicillin/streptomycin. For osteogenic differentiation, osteogenic 

factors ascorbic acid (50 µM), 5 mM β-glycerophosphate, and 0.05% Gentamicin, were 

added to the medium, which was then denoted as osteogenic medium (OM). Some 

cultures were treated with MSM (20 mM) in α-minimal essential medium (denoted as a 

basal medium) with no osteogenic factors. Induction of osteogenic differentiation was 

conducted at passage 5 or 6.   

Immunoblotting Analysis  

Cells were seeded at a density of 4 x 105 cells/well in a 6-well plate. SHED cells 

were grown in the presence and absence of MSM (20 mM), and cells grown in the 

osteogenic medium were used as controls.  The cells were lysed with 1X 
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radioimmunoprecipitation assay buffer (RIPA) with a protease inhibitor and scraped with 

a cell scraper. Lysates were placed on ice for 15 minutes and then centrifuged at 15,000 

rpm for 15 minutes at 4 ºC. The supernatant was collected, and the protein concentration 

was determined using the Bradford assay. An equal amount of lysate proteins were 

analyzed by SDS-PAGE on 10% gel and transferred to PVDF membrane. Membranes 

were blocked for 2 hours in 5% bovine serum albumin (BSA) in phosphate-buffered 

saline with Tween-20 (PBS-T), then incubated with the primary antibody of interest in 

PBS-T at the recommended dilution at 4 ºC overnight. Membranes were washed three 

times with PBS-T and then incubated with species-specific HRP-conjugated secondary 

antibody in PBS-T at the recommended dilution at RT for 2h. GAPDH antibody (1:5000 

dilution in PBS-T) was used as a loading control. After three washes for 5-10 min each, 

protein bands were visualized by chemiluminescence using an ECL kit [109,110]. 

Immunoprecipitation  

Immunoprecipitation was conducted as described previously [139,140]. SHED 

cells were plated at a density of 4 x 105 cells/well in a 6-well plate and treated with MSM 

(20 mM) in the presence and absence of TG2 Inhibitor (Cystamine; 2 µM) for 7 and 21 

days. Cells cultured in the basal medium were used as controls. Lysates were collected as 

described above, and protein concentration was measured. An equal amount of protein 

from each sample was incubated with the antibody of interest overnight at 4 °C. A-

Sepharose beads were then added to the samples and incubated for 4 hours. The beads 

were pelleted at 4000 rpm for 5 min and washed three times with ice-cold PBS. The 

immune complexes were then eluted in electrophoresis sample buffer (62.5 mM Tris-

HCl, pH 6.8, 2% SDS, and 10% glycerol) and analyzed on 10% polyacrylamide gels with 
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SDS. For immunoblot analysis, proteins were electrophoretically transferred to a PVDF 

membrane. Immunoblotting was conducted as described above with antibodies of 

interest. 

Alkaline phosphatase (ALP) activity analysis 

To evaluate the level of the ALP enzyme activity, we used an ALP colorimetric 

assay. Cells were seeded at a density of 4 x 105 cells/well in a 6-well plate in the presence 

or absence of MSM (20 mM) for 0, 7, 14, and 21 days. Cells were washed with cold PBS 

three times and collected with lysis buffer (50 mM Tris, 0.1% Triton-X100, 1mM MgCl2, 

100 mM glycine). Lysates were centrifuged at 14,000 rpm for 5 min. An equal amount of 

supernatant protein was used as triplicates in a 96-well plate to measure the activity. P-

Nitrophenyl phosphate (10 µl; Sigma) was added to each well, and the absorbance was 

measured at 405 nm using a microplate reader (Cytation3 image reader) with software 

(Gen5 version 2.09). 

Alizarin Red S Staining  

Cells were seeded at a density of 4 x 105 cells/well in a 6-well plate with and 

without MSM (20 mM) and incubated for 21 days. Cells grown in the osteogenic medium 

were used as a positive control. To evaluate the effect of MSM on matrix mineralization, 

SHED cells were washed with PBS three times and fixed with absolute ethanol for 30 

min at room temperature. After aspiration of ethanol, 2% Alizarin red stain solution was 

added to each well until the cells were covered completely, then incubated at room 

temperature for 45 min in the dark as described previously [115]. Subsequently, wells 

were washed with deionized water three times to remove unincorporated excess dye. The 
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plates were then scanned with the EPSON Perfection V200 Photo scanner. Magnified 

pictures of the wells were taken using phase-contrast microscopy, and images were 

captured using Nikon Eclipse TE 2000- inverted light microscope using 10X objective.  

Immunofluorescence Analysis 

 SHED cells were plated on chamber-slides at a density of 4 x 105 cells/well and 

treated with MSM (20 mM) in the presence and absence of TG2 Inhibitor (cystamine; 2 

µM) for 7 and 21 days. Cells cultured only with basal media were used as a negative 

control. Cells were washed three times with PBS for 5 min each and fixed in 4 % 

paraformaldehyde in PBS for 15 minutes. Cells were then blocked in a blocking buffer 

containing 10% FBS and 1% Triton X-100 in PBS for 2 hours. Subsequently, cells were 

incubated with the primary antibody of interest at the dilutions recommended by the 

manufacture overnight at 4°C. Cells were washed three times with PBS for 5 min each 

and incubated with fluorochrome-conjugated secondary antibody for 2 hours in the dark 

at room temperature. Subsequently, cells were washed three times with PBS for 5 min 

each. Chambers were removed, and cells were added with mounting media and covered 

with coverslips [110,124,141]. The slides were viewed and photographed with the 

Cytation3 image analyzing system (Gen5 version 2.09).  

 Statistical Analysis  

Quantitative data are expressed as the mean ± SD, and statistical significance was 

determined using one-way ANOVA or Student T-test when applicable (Graph Pad Inc, 

San Diego, CA). The level of significance was set at P< 0.05. 
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3.4 Results 

MSM enhances the expression of osteoblast differentiation markers and alkaline 

activity in a time-dependent manner  

The time-course analysis demonstrated a time-dependent increase in Col 1 

protein from days 7 to 21; the increase was more significant at days 14 and 21 after 

treatment with MSM (Figure 3.1A, top panel; lanes 2-4). However, an increase in OPN 

was observed at day 7, and this increase remained the same at days 14 and 21 (Figure 

3.1 C-middle panel; lanes 2-4). Cells at 0 days demonstrated a basal level expression of 

OPN and Col 1 (lane 1). Also, to examine the osteogenic potential of MSM, we 

determined the ALP activity using ALP activity assays at different time points. MSM 

increased ALP activity in a time-dependent manner (Figure 3.1B).  
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Figure 3.1 MSM increase expression of osteogenic markers and ALP activity in a 

time-dependent manner  

The following analyses were done to determine the time-dependent effects of 
MSM in SHED cells. Immunoblotting (IB) analysis: Equal amounts of protein 
lysates (10 µg) made from SHED cells treated with MSM for 0, 7, 14, and 21 days 
(C, lanes 1-4) were used for IB analysis with antibodies to Col 1 and OPN. 
GAPDH was used as a loading control. Data are expressed as the mean with error 
bars representing SEM  (n=3). ****p<0.0001 vs. BM.   
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MSM induced an increase in TG2 expression in a time-dependent manner      

Many RGD peptide-containing matrix proteins (OPN, Col 1, fibronectin, laminin, 

and thrombospondin) have been identified as substrates for transglutaminases [142–145]. 

Studies have shown that TG2 regulates differentiation and mineralization in the SAOS-2, 

a human osteosarcoma preosteoblast cell line [27]. However, the role of TG2 in the 

regulation of differentiation and mineralization of SHED cells in response to MSM 

treatment has not been studied. An increase in the expression of osteogenic markers and 

the formation of mineralized matrix prompted us to determine the levels of TG2 in MSM-

treated cells. Additionally, we wanted to observe the effect of inhibition of TG2 on the 

expression of osteogenic markers using a TG2 inhibitor (cystamine). A time-dependent 

increase in total cellular levels of TG2 was observed from days 7 to 21 (Figure 3.2A), and 

the increase was maximal on day 21 (Figure 3.2A lane 4). Also, the expression level of 

TG2 in MSM-treated cells (Figure 3.2B, lane 3) was similar to cells grown in OM 

(Figure 3.2B, lane 2). TG2 expression was minimal in control cells not treated with MSM 

or incubated with OM (Figure 3.2B, lane 1).  
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Figure 3.2 Effect of MSM on the expression level of TG2 

A. The time-dependent effect of MSM treatment on the total protein level of TG2 
was determined by immunoblotting (IB) analysis with an antibody to TG2. SHED 
cells were treated with MSM for 0, 7, 14, and 21 days (Fig a, lane 2-4). An equal 
amount of lysate protein (10 µg) was used. B. Comparison of TG2 levels in SHED 
cells incubated with OM (lane 2) or treated with MSM (lane 3) for 21 days. Cells 
grown in BM (lane 1) were used as controls. IB was conducted with an antibody to 
TG2. IB with an antibody to GAPDH was conducted after stripping in A and B, 
and used as a loading control. 
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Analysis of the expression levels of TG2 in MSM-treated cells and its interaction 

with OPN 

Since OPN is one of the substrates for TG2, we proceeded to determine the 

interaction of TG2 with OPN by immunoprecipitation with an antibody to TG2. 

Immunoprecipitation with non-immune serum (lane 4) was used as a control. Co-

precipitation of OPN with TG2 was observed on day 7 (Figure 3.3A, lane 2). Although 

OPN is expressed at 21 days (Figure 3.1A), its interaction with TG2 is significantly 

reduced (Figure 3.3A, lane 3). Furthermore, OPN expression (Figure 3.1A) and 

TG2/OPN interactions (Figure 3.3C, lane 1), were observed to a lesser extent in cells 

grown in BM. This corresponds with a decrease in the ALP activity or mineralization in 

these cells (Figure 2.6, chapter2; and Figure 3.1).  

 

Analysis of the effects of cystamine on the levels of OPN and TG2/OPN interaction   

To further determine the effect of MSM on TG2 activity, we used cystamine, a 

well-known inhibitor of TG2. Immunofluorescence analysis demonstrated that SHED 

cells grown in BM (Figure 3.4, panel a) or treated with MSM for 7 days (panel b) were 

more elongated in shape. Colocalization of TG2 and OPN was minimal (Figure 3.4, panel 

a), consistent with the co-precipitation analysis shown in Figure 3.3 (lane 1). In addition 

to elongated shape, cells treated with MSM displayed a fibrillar and diffused staining 

patterns for both TG2 (red) and OPN (green) in the cytoplasm (Figure 3.4, panel b) 

without any colocalization in most of the cells. However, a characteristic stippled 

colocalization pattern (merge in panel b) was observed in these cells. Distribution of TG2 
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(red) and OPN (green) are also shown separately for all the treatments (Figure 3.4b). 

Neither the fibrillar distribution nor the colocalization of TG2 and OPN was observed in 

cells treated with cystamine in the presence of MSM (Figure 3.4, panel c). These cells 

were thin, flat, and polygonal in shape. The nuclei of these cells were also abundant in 

OPN as compared with the cytoplasm.  However, OPN distribution was considerably 

lower than that seen in cells treated with MSM.  

 The immunoblotting analysis also showed a significant decrease in the OPN 

protein level in cystamine treated cells (Figure 3.3B, lane 3) as compared with the MSM-

treated cells (Figure 3.3B, lane 2). The OPN level was detected in the following order: 

MSM> BM ((-) MSM) > Cystamine+MSM. An increase in OPN levels and a unique 

colocalization pattern of TG2/OPN occurred 7 days following MSM treatment, 

suggesting that OPN may play an important role in the initiation of the mineralization 

process. 
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Figure 3.3 Analysis of the interaction of OPN with TG2 was determined by 

immunoprecipitation and IB analyses. 

Immunoprecipitates were subjected to IB with an antibody to OPN. IB of the 
total lysates with an antibody to GAPDH indicating the amount of protein from 
each sample were used for immunoprecipitation/IB analyses shown in panel (A). 
Immunoblotting analysis: The effect of cystamine on the cellular levels of OPN 
was determined in SHED cells treated with (lane 3) and without cystamine (lane 
2) in the presence of MSM. Cells grown in BM (lane 1) were used as controls (-) 
(B). GAPDH was used as a loading control. Data shown are representative of 
three independent experiments. 
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Figure 3.4 Effect of MSM on the interaction of TG2 with OPN in SHED cells 

treated with MSM in vitro.  

Immunofluorescent analysis of the effect of TG2 inhibitor on the colocalization of 
TG2 and OPN in SHED cells treated with MSM (b) and MSM/Cystamine (c) for 7 
days, Cells grown in BM (a) were used as controls. Imaging was conducted with the 
Cytation3 imager. Distribution of OPN and TG2 are shown either together (merge) 
or separately in green (OPN) and red (TG2) panels. Scale bar, 200µm. 
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Analysis of the effects of cystamine on the levels of collagen and TG2/collagen 

interaction 

TG2 cross-links extracellular matrix proteins with integrin in primary cells of the 

human osteoblast lineage grown on collagen/vitronectin-coated supports [146]. A 

significant increase in collagen at days 14 and 21 (Figure 3.1A, lanes 3 and 4) prompted 

us to determine its interaction with TG2 by immunoblotting analysis (Figure 3.5). TG2 

immunoprecipitates made from MSM treated cells for 21 days demonstrated an increased 

interaction of collagen with TG2 (Figure 3.5, lane 3) as compared with untreated cells 

(lane 1) or those treated with MSM for 7 days (lane 2). Immunofluorescent analyses 

showed cystamine reduced not only the level of collagen but also the level of TG2 

(Figure 3.6A and B). Higher magnification of indicated areas shows Col 1 was more 

organized into fibrils compared to cells treated with TG2 inhibitor, and Col 1 is more 

dispersed and intercellular (Figure 3.6; bottom panel to A). 
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Figure 3.5 Effect of MSM on TG2 interaction with Collagen I.  

Immunoprecipitation of SHED cells were treated with MSM for 0, 7, and 21 
days. An equal amount of lysate protein (10 µg) was immunoprecipitated with 
an antibody to transglutaminase 2 (TG2) (lanes 1-3) or species-specific non-
immune serum (NI, lane 4). Immunoprecipitates were immunoblotted with an 
antibody to collagen 1 (Col 1). IB of the total lysates with an antibody to 
GAPDH indicates that an equal amount of protein from each sample was used 
for immunoprecipitation. 
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Figure 3.6 Effect of MSM on TG2 interaction with Collagen I.  

Immunofluorescence analysis of the localization of TG2 and collagen in SHED 
cells. SHED cells were treated with MSM (A) and MSM/cystamine for 21 days (A 
and B) and immunostained with an antibody to collagen (green) and TG2 (red). 
Merge panel (left) shows colocalization of TG2 and collagen I. The rectangle in the 
merge panel of A defines the area of the image which is magnified (bottom panel). 
Arrowheads in the merge panel of B and arrows in the magnified panel of A, points 
to regions of colocalization (yellow) of collagen 1 and TG2.  Scale bar, 200 µm in 
B and C; 50 µm in magnified panel of A. Data shown are representative of three 
independent experiments.  
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3.5 Discussion 

ALP activity represents an early cell differentiation marker for osteoblasts [11] 

rather than stemness [147]. SHED cells demonstrated a time-dependent increase in ALP 

activity from days 7 to 21. An increase in ALP activity from days 7 to 21 suggest the 

ability of SHED cells to proliferate into osteoblast-like cells. However, a considerable 

decrease in ALP activity was observed with OM. Other studies have shown that after the 

initial peak, the ALP level decreases, and the expression of collagen occurs, onto which 

the mineral deposition occurs [148]. Also, the high expression of OPN and OCN was 

observed at the final stage from days 14 to 28 [10,149]. Our observations with SHED 

cells and MSM treatment is different from what others show in the expression of 

osteogenic markers and ALP activity. Expression of OPN was higher at 7 days and 

declined at days 14 and 21; the expression of Col 1 was high at days 14 and 21 in SHED 

cells treated with MSM. The differences in the expression pattern of osteogenic markers 

may be dependent on the cell type and culture conditions. These initial characterizations 

suggest that SHED cells may have unique characteristics, as indicated by others. One 

possible reason for the differences in ALP activity and the expression of osteogenic 

markers mentioned above may be due to the higher proliferation rate and increased cell 

population doubling of SHED cells [102,103].  

 Mineralization is the final stage of osteogenesis. In our study, we demonstrated 

the ability of MSM to induce ECM deposition and nodule formation by SHED cells. 

These analyses showed that the mineralization process in MSM treated cells is equal to, 

or more than, the effect observed with OM. As demonstrated by others with human dental 

pulp stem cells [129], we showed here that SHED cells can differentiate into osteoblast-
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like cells and express osteogenic markers in response to MSM (Chapter 2). Another 

interesting finding is the time-dependent increase in the levels of TG2 in MSM-treated 

cells. Consistent with the observations by others [150], increased TG2 levels correspond 

with the increased levels of ECM proteins (OPN and Col 1) and mineralization. The 

interaction of TG2 with OPN may have a role in the differentiation and initiation of 

mineralization, which is followed up by collagen through its interaction with TG2. In our 

studies with SHED cells, TG2 cross-linking activity was shown to either partially or fully 

provide support for the differentiation process. Cystamine, a TG2 inhibitor, significantly 

reduced nodule formation. Cells cultured in basal medium and treated with 

MSM/cystamine demonstrated the nuclear existence of TG2. As shown by others in 

rabbit liver cells [151,152], cystamine-treated cells exhibited cell morphology similar to 

stem cells. These cells lack cell-to-cell adhesion and a significant decrease in the levels of 

OPN and collagen, as well as the differentiation of SHED cells into osteoblast-like cells. 

Results obtained in cystamine-treated cells confirmed the possible requirement of TG2 in 

the differentiation and mineralization processes of SHED cells in vitro.  
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 Chapter 4: In Vivo Effect of MSM On Osteogenesis in Aging Mice: Analyses in 

Long Bones and Mandibles 

4.1 Abstract  

In Chapter 2 and Chapter 3, we have demonstrated MSM’s ability to 

differentiate postnatal stem cells (SHED cells as a model cell system) into osteoblast-like 

cells. MSM is a naturally occurring, anti-inflammatory compound that has been shown to 

be effective in the treatment of multiple degenerative diseases such as osteoarthritis and 

acute pancreatitis. Furthermore, aging has been associated with chronic inflammation and 

aging-related bone loss.  Therefore, in this chapter, we hypothesized that MSM’s anti-

inflammatory and osteogenic properties could increase osteoblast formation and function 

in aging mice when administrated systemically. Moreover, we aimed to examine whether 

MSM has a different effect on long bones (i.e., tibia, femur) and flat bones (i.e., 

mandible) due to different origins and osteoblast/osteoclast properties at various sites. To 

test this hypothesis, we injected aging C57BL/6 female mice (36 weeks old) with MSM 

for 13 weeks. Mice injected with PBS were used as controls. Micro-computed 

tomography demonstrated an increase in the trabecular bone parameters in mandibles, but 

the increase failed to reach statistical significance in long bones (tibia and femur). 

Nevertheless, histological and histomorphometry analyses of the tibia revealed a 

noticeable difference in the newly formed bone at the metaphyseal plate, with an increase 

in osteoblast number in MSM injected animals. No statistical difference was seen in the 

osteoclast number in vitro nor in vivo. Mandibles displayed an increase in bone density 

with a decrease in the marrow cavity.  Serum analyses of bone formation (OCN, P1NP) 

showed an increase in OCN and P1NP serum levels, indicating an increase in bone 
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density, associated with an increase in osteoblast function. However, resorption markers 

(TRAP, CTX-I) showed a decrease in serum levels in MSM injected animals. 

Furthermore, unstained mandible paraffin-embedded sections were subjected to 

immunohistochemistry analysis for an osteoblast-specific marker (osteocalcin), and a 

mesenchymal stem cell marker (CD105). Immunohistochemistry results showed a 

significant increase and decrease in the number of OCN and CD105 positive cells, 

respectively. Our study demonstrated the ability of MSM to induce osteoblast formation 

and function leading to more bone formation. Interestingly, the MSM effect is more 

pronounced in the mandible bones than in long bones.  

4.2 Introduction 

MSM is a naturally occurring compound with anti-inflammatory and antioxidant 

properties in vitro, and in vivo [153,154]. MSM can reduce the expression of IL-6 and 

TNF-alpha, as well as block the activation of NF-kB. Therefore, leading to an inhibition 

of NF-kB mediated transcriptional regulations and gene expression [155,156]. 

Periodontitis occurs when inflammation and infection of the gum tissue are not 

appropriately treated. Periodontitis causes tooth loss as a result of bone loss.  Pathological 

bone loss occurs due to the activation of osteoclasts. RANKL, a master regulator of 

osteoclastogenesis, plays a vital role in osteoclast formation and bone resorption [157].   

 Besides its inhibitory role on inflammation, MSM also reduced osteoclast 

differentiation from bone marrow macrophages. The possible mechanism behind this 

action is that MSM induced the secretion of OPG and inhibited RANKL production in 

osteoblasts [158]. Other studies showed that MSM induces osteoblast differentiation via 

the JAK2/STAT5b pathway in mesenchymal stem cells [106]. We have demonstrated 
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recently [159], and here (Figure 2.5 and 2.6; chapter 2) that MSM increases bone 

formation in vitro via increasing bone-forming markers in SHED cells [159] (Figure 3.1, 

chapter 3). MSM also increases the mineralization process via activating 

transglutaminase-2 activity and via its interaction with the ECM proteins, including Col 1 

and OPN [159]  (Figure 3.3 and 3.6; chapter 3). The above studies suggest MSM as a 

potential therapeutic compound for the treatment of several devastating bone loss 

diseases such as osteoporosis, periodontitis, inflammatory arthritis, tumor osteolysis, and 

other forms of osteopenia.   

In young adults, the presence of stable bone mass is a result of coupled bone 

resorption and bone formation functions of osteoclasts and osteoblasts, respectively. 

Although higher bone volume and thickness is observed in young adults, loss of 

trabecular bone volume occurs between ages 20 and 90 in both men and women [160]. 

Trabecular bone thinning and loss of connectivity leads to bone fragility and increases the 

risk of fracture in women [160,161]. Mice and rats are commonly used to delineate the 

mechanisms that contribute to bone loss and fragility. Additionally, aging and 

ovariectomized (OVX) mice models have been used to gain insights into these 

conditions.  

An increase in bone formation in UMR-106 and SHED cells in vitro in response 

to  MSM [159] (Figure 2.4, chapter 2) validates the bone formation analyses in an aging 

mice model. Micro-CT and histomorphometry analyses were performed in long bone 

(tibia or femur) as well as the mandible due to prior studies by others showing in OVX 

mice that these bone types provided significant correlations to the bone remodeling 

processes [162,163]. Also, previous studies by others have compared the histological 
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sections and micro-CT of tibia and mandibles in control and OVX rats. Results in OVX 

rats showed that there were significant correlations between tibia and mandibles in 

parameters such as trabecular bone volume per tissue volume (BV/TV), bone surface per 

bone volume (BS/BV), trabecular number (Tb.N), trabecular thickness (Tb.Th.), and 

trabecular separation (Tb.Sp). However, the mandible had a smaller percentage reduction 

in BV/TV than that of the tibia which may be due to the size of the bone [164]. Based on 

the results with OVX rats, the authors concluded that mandibles could be used as another 

model for bone analyses under conditions of metabolic diseases [163]. 

This study’s objective was to determine the effect of MSM in vivo in an aging 

mice model, which demonstrates significant bone loss. Mice will be injected 

subcutaneously with MSM, as described in the Methods section. Based on our in vitro 

studies with MSM and SHED cells [159] (Figure 2.5 and 2.6 ; chapter 2), we 

hypothesized that MSM could increase bone formation via increasing the formation of 

osteoblasts and their function in aging mice. MSM can reduce the differentiation or 

function of osteoclasts since it has an inhibitory effect on the expression of TNF-α and 

RANKL, which are both critical for osteoclastogenesis and function.  

4.3 Materials and Methods 

Animals and Experimental procedures 

Thirty-six-week-old female C57BL6 mice weighing on average 30g were 

obtained from Charles River (Maryland, USA). Mice were maintained in our animal care 

facility under room temperature (21 ± 1 °C), with a 12-h light/12-h dark cycle and had 

free access to tap water and standard mouse diet. The experimental procedures were 
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reviewed and approved by the Institutional Animal Care and Use Committee of the 

University of Maryland Baltimore (Maryland, USA approved number; #417006). All 

experiments were performed following relevant guidelines and regulations. 

C57BL/6mice (age,35 weeks; mean body weight, 32 gm) were bought from Charles 

River (Maryland, USA). Mice were kept in the facility for a week for acclimatization 

before injection. 

 Mice were randomly divided into two groups: a control group, injected with 

phosphate buffer saline (PBS) (n = 6) as Group-1, and MSM injected mice (n=6) as Group-

2.  Methylsulfonylmethane (PHR1346-1G, Sigma) was dissolved in (PBS) and injected 

subcutaneously (100 mg/kg) in a final volume of 100µl. Injections were administered three 

times per week for 13 weeks.  

Bone histology and histomorphometry analysis 

Bone histology and histomorphometry was done in tibia and mandibles isolated 

from the mice as previously described [165].  Tibia and mandibles were fixed in 10% 

formalin at room temperature for 24 hours. After 24h of fixation, bone samples were 

transferred into 14% EDTA for 15 days while changing the EDTA solution every two days. 

For hematoxylin and eosin (H&E) staining and tartrate-resistant acid phosphatase (TRAP) 

staining, the bone specimens were embedded in paraffin and cut at 5mm thickness. 

Osteoclast staining on bone sections was performed using a tartrate-resistant acid 

phosphatase (TRAP) staining system (Sigma). Stained sections were scanned and analyzed 

using Aperio CS2 scanner software (Leica Biosystems. IL, USA). The number of TRAP-

positive osteoclasts and cuboidal osteoblasts that were adherent to the bone surface was 

determined by counting using Fiji (ImageJ) software analysis.  
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Immunohistochemistry 

Immunohistochemistry was done as described [112] with slight modification. 

Longitudinal sections of the paraffin-embedded tibia and mandibles were kept at 60°C for 

2h in the oven for antigen retrieval. Sections were then deparaffinized with xylene and 

immediately hydrated with an ethanol gradient (100%–70%). Sections were then 

incubated with Tris-EDTA antigen retrieval solution (10mM Tris base, 1mM EDTA 

solution, 0.05% Tween-20, pH 9.0) in water path at 60°C overnight. The next day 

sections were incubated in 3% H2O2 for 30 min, and the slides were rinsed with water and 

incubated with the blocking solution (2.5% BSA or horse serum in PBS) for 60mins and 

then incubated with primary antibody of interest [e.g., osteocalcin (1:100, Abcam) or 

CD105 (1:100, Abcam) overnight at 4°C. The next day, the slides were rinsed and 

incubated with the corresponding secondary antibody for 60mins. Slides were washed 

and developed with 3,3′-diaminobenzidine (DAB), and subsequently, sections were 

counterstained with hematoxylin staining, dehydrated, and mounted with Vectashield H-

1000 (Vector Labs, USA). The slides were then examined for the relative distribution of 

the protein of interest and photographed using an Aperio CS2 scanner (Leica Biosystems. 

IL, USA). 

Microcomputed Tomography (Micro-CT) analysis 

After sacrifice, the femurs and mandibles were dissected, and the soft tissues were 

roughly removed. Bone samples were fixed in 4% paraformaldehyde for two days and then 

washed with PBS. Each undecalcified bone specimen was wrapped with gauze soaked in 

PBS and kept at 4ᵒ C. Three-dimensional micro-CT was performed on the femurs and 

mandibles (n=6) using a Bruker Skyscan 1172 micro-CT scanner. Specimens were scanned 
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with 20K resolution, 10-µm voxel size, 0.5 Al filter at 55 kV, and 167 µA as described 

[8,166]. Bone morphology and microarchitecture were assessed at the distal femoral 

metaphysis, in a region of interest (ROI) 0.2 mm to 2.0 mm proximal to the distal femoral 

growth plate. For mandibles, the ROI was the inter-radicular area of the first molar. The 

skeletal parameters assessed by micro-CT followed published nomenclature guidelines 

[167]. Trabecular bone microarchitecture, including the BV/TV, Tb.Th, Tb.N, and Tb.Sp, 

was analyzed in femurs and mandibles.  

Enzyme-linked immunosorbent assay (ELISA) 

Serum markers of bone resorption (tartrate-resistant acid phosphatase; TRAP); 

(C-terminal telopeptide of type I collagen; CTX-I) and bone formation (Osteocalcin); 

(procollagen Type 1 intact N-terminal propeptide; P1NP) were measured in duplicate 

using ELISA Kits (Immunodiagnostics Systems, and LS-Bio Systems) as per the 

instructions provided by the manufacturers. The sample size is indicated in each 

experiment. The serum was separated from blood samples collected by cardiac puncture 

at the time of euthanizing the mice. The separated serum sample was frozen at −80 °C 

until use for the measurement of TRAP, CTX-I, P1NP, and osteocalcin levels. Also, 

calcium serum levels were measured using a calcium detection kit (Biovision, Inc., 

Milpitas, CA) 

Osteoclast Studies  

Preparation of osteoclast precursors from RAW 264.7 macrophage-like cell line 

Murine osteoclasts were generated from RAW 264.7 (ATCC® TIB-71™) cells as 

described [168]. Briefly, RAW 264.7 cells were plated at a low density in the presence of 
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Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum. After 24 h, 

the media was changed to α-MEM containing macrophage colony-stimulating factor (M-

CSF; 10 ng/ml) and RANKL (60 ng/ml) with or without the various concentration of 

MSM (15, 20, and 40 mM). After two days, the medium was replaced with fresh M-CSF 

and RANKL with or without MSM at the indicated concentrations above. Recombinant 

RANKL was purified as described previously [169]. Mature multinucleated osteoclasts 

were seen from day three onwards. 

Tartrate-resistant acid phosphatase (TRAP)-staining 

RAW 264.7 cells were used to generate osteoclasts as indicated above, in the 

presence or absence of various concentrations of MSM. Undifferentiated macrophages 

were gently removed with cell stripper solution, and multinucleated cells were stained for 

TRAP. Briefly, cells were fixed with 4% paraformaldehyde, and then washed three times 

with Phosphate-Buffered Saline (PBS). TRAP staining was done with Leukocyte Acid 

Phosphatase Kit (Sigma; 387-A) according to the protocol provided by the manufacturer. 

Stained cells were photographed and quantification of osteoclast number was done using 

(Cytation5 image reader) with software (Gen5 version 2.09). 

Resorption assay 

Terminally differentiated osteoclasts were collected and re-plated on dentin slices 

for 72 hours. Before being used in a resorption assay, the slices were sonicated for 3–5 

min in distilled water and washed for 2 h in two changes of fresh distilled water. The 

slices were sterilized in fresh 70% ethanol and placed into culture plate. After three 

washes with α-MEM serum-free media, the slices were placed overnight in a 37°C 
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incubator in the same media. The osteoclast suspension (2 × 104 cells) was added to each 

well, and after 2 h of adherence the culture media were replaced with α-MEM containing 

either RANKL with or without MSM at different concentrations (20 and 40 mM). After 

incubation for 48 h, cells were scraped from the slices and the slices were washed 7–10 

times with water. Pits were stained with acid hematoxylin (Sigma Chemical Co.) for 6 

min, washed well with water. Magnified pictures of the dentin slices were taken using 

phase-contrast microscopy, and images were captured using Nikon Eclipse TE 2000- 

inverted light microscope using 20X and 40X objective [170,171].  

Statistical analysis 

Results are presented as mean ± SD or SEM. Statistical significance was 

performed using Student’s t-test or Mann-Whitney U test where applicable (Graph Pad 

Software, Graph Pad Inc, San Diego, CA). A probability value <0.05 was considered to 

be statistically significant. 

4.4 Results 

General observations in mice during the injection period 

a. Body weight 

During the 13 weeks injection period, mice looked healthy and exhibited normal 

behavior. Some of the mice showed a loss of hair when they first arrived at our facility.  

However, after 6 weeks of injection with MSM, mice displayed hair growth, which was 

either delayed or not observed in the PBS group. The picture provided was taken after 13 

weeks of injection with PBS and MSM (Figure 4.1). Patches of hair loss were still seen in 

mice injected with PBS (Figure 4.1A), and hair loss is either reduced or stopped in MSM 
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injected mice (Figure 4.1B). No severe abnormalities have been observed in mice 

injected with PBS or MSM. The injection was given every other day for 13 weeks; 

animal weight was recorded every four weeks or every other week until the time of 

sacrifice. No significant change in body weight was observed between the two 

experimental groups during the experiment (Figure 4.1B).  
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Figure 4.1 Bodyweight recordings and the appearance of mice 

injected with PBS and MSM for 13 weeks. 

Six aging mice at the age of 36 weeks were injected with PBS 
and MSM for 13 weeks (A). Mice were weighed every 4 weeks 
until 8 weeks and every other week until 13 weeks. Bodyweight 
information is provided as a bar graph in B. Statistically, the two 
groups did not differ in body weight (mean ±SEM).  
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b. Histological analyses of soft organs in mice injected with MSM and PBS 

Next, we isolated the heart, kidney, and liver from mice injected with MSM and 

PBS. Histological sections of these organs were stained with H&E. Sections were 

analyzed by a pathologist in a blinded fashion to detect any soft tissue abnormalities 

caused by injections. All organs showed normal histology with no signs of inflammation 

or any defect (Figure 4.2).  
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Figure 4.2 Histological sections of the organs (Heart, Kidney, Liver) isolated 

from mice injected with PBS and MSM. 

Organs were harvested from 3 mice and subjected to H&E staining to detect 
any abnormities. A representative histological section of the soft organs from 
each injection is shown. An arrowhead in each organ sections in the left panel 
indicates the area of magnification shown at the right panel. Scale bar: left 
panels (2mm); right panels (100µm). 
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Bone analyses in femoral and mandibular bones by Micro-CT 

A. Depiction of the region of interest (ROI) chosen for micro-CT scanning in femoral and 

mandibular bones:  

The region of interests (ROI) that were used in femur and mandibles are shown 

(Figure 4.3). In the femur, the ROI for the trabecular bone lies just below the growth 

plate region, which is called the metaphyseal area where cancellous or trabecular bones 

are present. In the mandible, the ROI was chosen in the inter-radicular area between the 

roots of the first molar. Blue brackets in the femur (Figure 4.3, panel A) and squares 

inside the scans of the mandible (panel B; top and bottom) indicate the ROI for the 

scanning in Micro-CT. Bones isolated from mice injected with PBS and MSM were 

subsequently scanned in the ROI chosen here. 
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Figure 4.3 Representative image from a micro-CT shows the region of interest 

(ROI) in the femur and the mandible. 

Micro-CT of the femur in the axial plane showing the selected ROI in blue 
brackets for further analyses [A].  Micro-CT of the mandible showing the selected 
ROI which is outlined in blue in the sagittal [B] and transverse [panel below B] 
planes. 
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b. Micro-CT analyses in the right femurs from mice injected with PBS and MSM:   

Femoral bones isolated from mice injected with PBS and MSM were imaged in the 

Micro-CT system, as described in the Methods section. Representative Micro-CT two 

dimensional (2D) images of the femoral bones are shown in sagittal and coronal planes 

(Figure 4.4, panel A) as well as in transverse planes (panel B). Images in panels A and B 

partially reveal the histomorphometry of the bones of interest. The 3D construction of the 

bone provides the visualization of trabecular bone density in the ROI chosen for scanning 

(Figure 4.4, panel C). Scanning was done in 6 mice per group, and statistical analyses are 

provided as graphs for the indicated parameters below in Figure 4.5. Bone volume to 

tissue volume (BV/TV) tends to be more in MSM treated cells. However, it is not 

significantly different. There are no significant changes in trabecular number (Tb.N), 

trabecular thickness (Tb.Th), and trabecular separation or spacing (Tb.S) in mice injected 

with MSM as compared with PBS controls (Figure 4.5).  
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Figure 4.4 Micro-CT analysis of trabecular and cortical bone isolated from mice 

femurs injected with PBS and MSM.  

Representative longitudinal sections of femurs are shown in two different planes 
(sagittal and coronal) in A. Representative cross-sections of the bone in the ROI 
indicated in Figure 4.3 is scanned and shown in the transverse plane here (B). 
Micro-CT 3D construction for the same ROI in Figure 4.3 is shown in panel C. 
Scanning was done in 6 mice per group and statistical analyses were done for 
morphometric parameters shown in Figure 4.5.  
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Figure 4.5 Comparison of the micro-CT parameters in mice femurs injected 

with PBS and MSM. 

Bone volume to tissue volume (BV/TV), trabecular number (Tb.N), trabecular 
thickness (Tb.Th), and trabecular spacing (Tb.S) were measured in the bones 
of six mice and provided as bar graphs. Statistical analyses were done using 
Mann-Whitney U test. Data shown as mean ± SEM. Results are not 
significantly different between the groups. 
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c. Micro-CT analyses in the mandible from mice injected with PBS and MSM 

Representative pictures from the Micro-CT scans and a 3D construction are shown in 

Figure 4.6. Femoral bones did not show significant changes in the BV/TV and trabecular 

bone density in response to MSM injection (Figures 4.4 and 4.5). However, mandibles 

showed a considerable increase in bone volume to tissue volume (BV/TV), trabecular 

number (Tb.N), and trabecular thickness (Tb.Th), accompanied by a decrease in the 

trabecular separation (Tb.S) (Figure 4.7) in MSM injected mice. The increase was 

observed in the inter-radicular bone of the mandible. The ROI of the inter-radicular bone 

is projected with a blue rectangle line in panel B (bottom panel) of Figure 4.3.  Inter-

radicular bones or septa are thin plates of bones that separate the roots of multi-rooted 

teeth. 3D construction of inter-radicular bone is shown in Figure 4.6 (panels C” and D”). 

The density of this bone is more in MSM-injected cells (panel D”).   

The quantitative evaluation of the bone parameters was evaluated on the Micro-

CT, descriptive data of 3D morphometry from 6 mice are provided as a graph (Figure 

4.7). These observations suggest that MSM can induce bone formation systematically, 

but its effect is more prominent in the bones in the mandibular region than in long bones.  
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Figure 4.6 Micro-CT analysis of trabecular and cortical bone in mandibles 

isolated from mice injected with PBS and MSM.  

3D model of the internal surface (A) and the entire cross-section (B) of the 
mandible is shown. Representative sections of mandibles in two different planes 
(sagittal and coronal in 2D) are shown for PBS (C) and MSM (D) injected mice. 
Representative cross-sections in the transverses plane of the mandible in the 
inter-radicular area (2D) showing trabecular and cortical bone in C´ and D´. 
Micro-CT 3D construction of the trabecular area was done in the ROI shown in 
Figure 4.3 (B and C) and presented in panels C” and D”. Scanning was done in 6 
mice per group and statistical analyses were done for morphometric parameters 
are shown in Figure 4.7. 
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Figure 4.7 Comparison of the micro-CT parameters in mice mandibles injected 

with PBS and MSM. 

Bone volume to total volume (BV/TV), trabecular number (Tb.N), trabecular 
thickness (Tb.Th), and trabecular spacing (Tb.S) were measured in mandibles of 
six mice and provided as bar graphs. Statistical analyses were done using Mann-
Whitney U test. Data shown as mean ± SEM; *p<0.05; **p<0.01; ***p<0.001; 
vs. PBS injected mice.  
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Bone analyses in tibial and mandibular bones by staining with H & E and TRAP 

stains 

a. Assessment of right tibial bones from mice injected with PBS and MSM 

 Longitudinal sections (5µm thickness) of the tibial bones were made and stained with H 

& E and TRAP stainings. Stained sections were scanned using an Aperio Scanscope CS 

instrument. H&E and TRAP stained sections from three different mice are provided 

(Figure 4.8). No significant changes in the femoral trabecular number or density were 

observed in the Micro-CT morphometry analyses (Figure 4.5).  Conclusive evidence to 

substantiate this increase will be pursued in future experiments using our MSM injected 

mice. Static histomorphometric measurements for the number of osteoclasts and 

osteoblasts demonstrated that there is an increase in the number of osteoblasts with no 

changes in the number of osteoclasts between the two groups tested (Figure 4.9).  
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Figure 4.8 Histological assessment of the proximal right tibial bone sections in 

mice injected with PBS (A) and MSM (B) for 13 weeks.  

H&E stained proximal right tibial sections are shown in triplicates for each 
injection. The black square in A and B points to the area of magnification below 
in A’ and B’. Same mice bone sections stained for TRAP is shown in A” and B”. 
Also, the same area as shown in H&E stained section is magnified in TRAP-
stained section. Dark purple stained cells attached to the bone surface are TRAP 
positive osteoclasts (panels in A” and B”) Scale bar represents 800µm in A and 
B; 200µm in the magnified H&E and TRAP stained panels.  
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Figure 4.9 Quantification of osteoblast and osteoclast numbers in the tibial 

metaphyseal region of the mice injected with PBS and MSM. 

H&E and TRAP sections from all six animals were used to count osteoblasts 
and osteoclasts, respectively using Fiji (Image J) software. Standard Student t-
test was used to analyze the data. The data represent the mean ± SEM; 
**p<0.01; vs. PBS injected mice.  
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b. Assessment of mandibles from mice injected with PBS and MSM 

Micro-CT analyses demonstrated an increase in bone volume to tissue volume and 

trabecular parameters in the mandible (Figure 4.7). Also, we observed an increase in the 

number of osteoblasts in the right tibial bones of the mice injected with MSM (Figure 

4.9). Therefore, we used TRAP stained sections of the mandible to determine the 

microanatomical changes in the microarchitecture of the bone, i.e., an increase in the 

mandibular bone (Figure 4.7). Consistent with the observation shown in Micro-CT 

analyses in the inter-radicular bone area (Figure 4.6, D”), TRAP stained sections of the 

bone isolated from MSM injected mice displayed an increase in bone density and a 

decrease in the marrow cavity (Figure 4.10, indicated by an arrow in A’ and B’). An 

increase in the marrow cavity in PBS injected mice may be due to an increase in 

osteoclast activity, and nonfunctional osteoblasts. Although a representative image is 

shown here, a similar result was observed in the bones tested from the other five mice. 

While these findings support the decisive role of MSM in bone formation, more 

experiments are needed to confirm that the increase in bone density is only by the action 

of osteoblasts and not by the inhibition of osteoclast activity.   

Also, there were no changes in the number of osteoclasts in vivo in the tibia 

(Figure 4.9) and mandibles (Figure 4.11) in response to the injection of MSM. A decrease 

in the marrow cavity, along with an increase in the intra-radicular bone density, suggests 

the effect of MSM in bone formation. Furthermore, in vitro experiments with osteoclasts 

derived from RAW cells indeed demonstrated that MSM did not affect either the 

differentiation or function of osteoclasts in vitro (Figure 4.12). Our future experiments to 
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answering this observation would be to determine whether the increase in inter-radicular 

bone density is a result of osteoclast inhibition or osteoblast activation.   
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Figure 4.10 TRAP-stained mandible bone sections in mice injected with PBS 

(A) and MSM (B)  

Representative TRAP stained mandible sections for each injection is shown. 
The black circle in A and B points to the area of magnification shown in A’ 
and B’. Arrowhead points to inter-radicular bone; Arrow points to the area of 
bone marrow cavity in PBS and MSM injected mice. More bone is seen in 
that area in mice injected with MSM (B’). Asterisk denotes the dentine of the 
adjacent rooted teeth. Scale bar -2mm in A and B; 200µm in A’ and B’. 
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Figure 4.11 Quantification of osteoclasts in the TRAP-stained 

section of the mandible collected from mice injected with PBS 

and MSM. 

TRAP sections from all six animals were used to count 
osteoclast using Fiji (Image J) software. Standard Student t-
test was used to analyze the data. The number of osteoclasts is 
not significantly different in the experimental group tested.  
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Figure 4.12 Analysis of the effect of MSM on RANKL-mediated osteoclast 

differentiation and dentine matrix resorption. 

The effect of different concentration on MSM (15 mM, 20 mM, and 40 mM) on 
osteoclast differentiation (A and B) and dentine resorption (C) is shown. Cells 
untreated (-) with MSM were used as controls. RANKL was used in all conditions. 
(A) Representative phase contrast images of TRAP stained osteoclast are shown. 
Magnification is X40. (B) The number of TRAP positive multinucleated 
osteoclasts at each concentration is provided in the bar graph. Statistical analysis 
was done using one-way ANOVA. No statistical significance was found between 
the groups. Data represent the mean ± SEM. (C) Representative phase-contrast 
image of the resorption area for the indicated treatments is shown in a-c. 
Magnification is X100.  

 



 97 

Immunohistochemistry analyses with osteocalcin and CD105 antibody  

Unstained mandible sections were used for immunohistochemistry analyses with 

an antibody to osteocalcin, an osteoblast differentiation marker, and CD105, a marker for 

stem cells.  The reason behind this immunohistochemistry analysis is that there is an 

increase in bone formation in the inter-radicular region of the mandible (Figures 4.7 and 

4.10). Although H& E stained sections could be used to determine the number of 

osteoblasts, it is paramount and ideal to use the sections stained for stem cell-, and 

osteoblast-specific markers. To further evaluate whether the increase is as a result of an 

increase in the number of osteoblasts in response to MSM injection, we examined the 

mandibular bone sections immunostained with osteocalcin antibody. Sections 

demonstrated a significant increase and decrease in the number of OCN and CD105 

positive cells, respectively (Figures 4.13 and 4.14).  

The major limitation of the study is that we did not measure the mineral 

apposition and bone formation rates by calcein labeling of the mice. The marrow cavity 

may be formed as a result of osteoclast-mediated bone resorption in PBS-injected mice 

(Figure 4.10, A and A’). We believe that the increase in bone density is a result of 

osteoblast-mediated bone formation because the size of the marrow cavity is reduced in 

MSM injected mice. A likewise increase in the number of OCN-positive osteoblasts 

validates this possibility.   
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Figure 4.13 Immunohistochemistry analyses of mandible sections.  

Bone sections were stained with an antibody to osteocalcin (A and A’) or CD105 
(B and B’). Staining at inter-radicular (IRB) bone area and dentine (De) are shown 
in mice injected with PBS and MSM. Arrows point to cells stained for CD105 in 
B and B’. Scale bar-300µm. 
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Figure 4.14 Quantification of osteocalcin and CD105 positive osteoblasts in 

mandible of mice injected with PBS and MSM. 

Immunohistochemical staining was done in the mandible sections to determine the 
cells positive for OCN and CD105.Data were assessed using Student’s t-test. The 
data represent the mean ± SEM; **<p 0.01 and *p<0.05 vs. PBS injected mice.  
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Serum biomarkers Analyses by ELISA 

 Blood was collected at the time of sacrifice and analyzed for bone resorption 

markers (TRAP, CTX-I) and bone formation markers (Osteocalcin, P1NP) (Figure 4.15). 

ELISA analyses showed an increase in osteoblast markers such as OCN and P1NP in 

mice injected with MSM as compared to PBS injected mice (Figure 4.15). Interestingly, 

we observed a notable decrease in the levels of TRAP and CTX-I in the MSM group, 

which suggests that osteoclast activity may be reduced by MSM (Figure 4.10). More 

experiments are needed to confirm whether a decrease in the marrow cavity in MSM 

injected mice is a result of an increase in the number or function of osteoblasts or a 

reduction in the activity of osteoclasts.  
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Figure 4.15 Comparison of serum levels of indicated biomarkers of bone 

formation and resorption in mice injected with PBS and MSM. 

The respective ELISA kits were used to measure the serum level of TRAP (A), 
osteocalcin (B), CTX-I (C), P1NP (D), and calcium (E). Data were assessed 
using Student’s t-test. All six animals’ serum were analyzed in triplicate. The 
data represent the mean ± SEM; *p<0.05; vs. PBS injected mice.  
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4.5. Discussion 

Aging can affect bone homeostasis and regulation of bone remodeling processes 

mediated by bone cells. A gradual loss of cell function and proliferation causes a 

decrease in bone density and an increase in bone fragility. In Chapters 2 and 3 and 

previously [159], we showed that MSM is a promising osteoinductive factor that 

successfully induced osteogenesis of SHED cells in vitro. In this chapter, we investigated 

the effects of MSM on bone formation in vivo in aging mice injected with MSM 

subcutaneously for 13 weeks. Our primary initial interest is to determine the role of MSM 

in bone formation. We also evaluated the effect of MSM on the differentiation and 

function of osteoclasts derived from RAW cells in vitro. MSM did not have any effect on 

osteoclast differentiation and function in vitro. However, serum analysis indeed 

demonstrated a decrease in bone resorption markers of osteoclasts such as TRAP and Col 

1. These findings indicate that MSM can reduce the function of osteoclasts. We 

performed a series of in vivo studies in aging mice, especially in the mandibular bone 

area, to elucidate whether MSM is an attractive therapeutic compound for the treatment 

of bone loss. The fact of increased levels of bone formation markers such as OCN and 

P1NP in MSM injected mice offers an advantage over the anti-resorptive drugs which are 

in current use.  

Alveolar bone is one of the three tissues that support the tooth. Similar to the 

other regions of the skeleton, alveolar bone consists of cortical and trabecular bone. In 

some areas, alveolar bone is very thin and has no trabecular bone [164]. Periodontal 

disease (periodontitis) causes significant changes in alveolar bone, and the advanced 

condition of periodontal disease results in alveolar bone loss, which results in tooth loss. 
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Bone loss occurs commonly in the trabecular or cancellous bone of alveolar bone [157]. 

MSM blocks the expression of the inflammatory mediators (e.g., TNF-α) and the 

signaling mediated by these mediators [155,156]. TNF-α regulates osteoclast 

differentiation and function [172]. Periodontitis causes tooth loss as a result of bone loss. 

As per the results of our studies, we suggest that MSM has the potential to block 

osteoclast formation and bone resorption. MSM is a suitable compound to block alveolar 

bone loss and then tooth loss caused by the inflammation during periodontitis. Given the 

role of chronic inflammation in periodontal disease, an increase in bone formation and a 

decrease in bone resorption by MSM supports future studies to identify its effect in a 

periodontitis mice model.  

The findings of this study support the bone remodeling effect of MSM. An 

increase in bone resorption in the mandible area in PBS injected mice may be due to the 

activation of inflammatory mediators, which increases osteoclast differentiation and bone 

loss in aging mice. A decrease in the marrow cavity in MSM injected mice suggest either 

bone loss is inhibited, or the bone formation is accelerated. We believe that both 

processes are happening in response to MSM injection because serum levels indeed 

demonstrated an increase in bone formation markers (OCN and P1NP) and a decrease in 

bone resorption markers (TRAP and CTX-I). Furthermore, immunohistochemistry 

analyses showed an increase in osteoblast-like cells positive for OCN staining in areas 

(e.g., inter-radicular regions of bone) where more bone density has been observed.   

The other intriguing observation is a decrease in CD105 positive cells in MSM 

injected mice. Studies have shown the presence of several types of stem cells (DPSC, 

SHED, PDLSC, SCAP, DFPC) present in the dental tissue [65,66,68,69,78,173]. These 
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stem cells have the potential for pulpal regeneration, craniofacial reconstruction, and 

engineering of new teeth [173]. CD105 (aka endoglin) is necessary for self-renewal and 

EMT. CD105 positive cells are shown to be more mesenchymal and are involved in the 

EMT and stem cell trait [174].  CD105 functions as an accessory receptor for TGF-beta 

superfamily ligands and can be used as one of the markers for identifying MSCs in vivo 

[175,176]. Although more stem cells are present in PBS injected mice, a reduced number 

of OCN positive osteoblast-like cells was observed in PBS injected mice. An increase in 

the number of OCN-rich osteoblast-like cells suggest that MSM may have a role in the 

differentiation process.  

As we proposed in the hypothesis, we found that MSM has an osteogenic effect 

via not only increasing the osteogenesis potential of osteoblast-like cells but also the 

differentiation potential of stem cells into osteoblast-like cells. Besides its impact on 

osteoblasts and stem cells, MSM also may have an inhibitory effect on osteoclast as well. 

More experiments are needed to confirm whether the increase in bone density is a result 

of the induction of bone formation by osteoblasts or reduction of bone resorption by 

osteoclasts. One avenue that warrants further investigation includes the analysis of the 

effects of MSM on bone formation using dynamic histomorphometry. This will be one of 

our future efforts. 

Osteoporosis is related to estrogen deficiency and aging. Studies have shown that 

during aging, estrogen, or androgen deficiency accelerates the apoptosis of osteoblasts 

via activation of cytoplasmic kinases [177,178].  Aging is associated with impaired bone 

formation by osteoblasts relative to bone resorption by osteoclasts. Several targeted 
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therapies are currently available to treat and prevent osteoporosis by blocking osteoclast 

activity. Bisphosphonates and denosumab are the most used anti-resorptive drugs for 

osteoporosis [179].  However, pieces of evidence have shown that long-term treatments 

have caused a reduction in bone formation by osteoblasts, resulting in atypical skeletal 

fractures [180,181]. These drugs are not fully competent in all patients. Osteoporosis 

remains a significant public health problem, and current treatment options have important 

limitations. Therefore, novel and improved therapies are critically needed to target 

osteoporosis more efficiently. Consequently, it is crucial to find innovative treatment 

options to lower costs, minimize toxicities, and ultimately maximize therapeutic 

responses. 

MSM is a sulfur-containing non-toxic natural nutrient found in small quantities in 

many foods. It is commonly used as a supplement to treat arthritis and other 

inflammatory conditions [83]. Our studies show that MSM has the potential to block 

osteoclast activity without affecting osteoblast function. More consistently it has 

increased osteoblastogenesis with no or inhibitory effects on osteoclasts. An increase in 

bone density in the mandible of MSM injected mice suggested that osteoblast function is 

increased. MSM is one of the least toxic substances in biology and higher than 2g/day is 

well tolerated with no adverse side effects. This report is according to research done at 

the Oregon Health Sciences University [182]. The findings of the study suggest that 

MSM has the potential to decrease osteoclast activity and increase osteoblast function in 

aging mice model. This is the first study to show the in vivo effect of MSM on bone 

remodeling in an aging mice model. We trust, our results may ultimately impact the 
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treatment of other bone loss-associated diseases, including rheumatoid arthritis and 

periodontitis, which share several pathologic features with osteoporosis. 
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 Chapter 5: Summary and General Discussion of Research 

5.1 Summary of Studies and Key Findings of the dissertation 

Bone disease is prevalent worldwide, especially with the increase in age. Bone 

diseases include osteoporosis, osteoarthritis, periodontal diseases, and many more. The 

critical consequence of these conditions is bone loss, which results in fractures. Bone 

regeneration modalities have gained an increasing interest in the past decade [126,183–

185]. Bone regeneration relies primarily on the presence of stem cells, stimulating growth 

factors, and a supportive environment, i.e., scaffolds [186].  

 Bone repair and healing is a complicated process involving progressive cellular 

and molecular events. Inflammation plays an essential role in healing and restoration; 

however, in some instances, inflammation can delay proper healing. For this reason, this 

thesis focuses on methylsulfonylmethane (MSM) as a material that poses anti-

inflammatory properties and osteogenic capabilities for successful bone healing and 

regeneration. Several studies have shown MSM inducing osteogenesis in MSCs 

[56,106,155]. In this work, we sought to demonstrate the osteogenic effect of MSM on 

craniofacial stem cells, e.g., SHED cells. Craniofacial stem cells, in addition to 

possessing vast multipotent properties for regenerative purposes, they have also been 

shown not to maintain the drawbacks commonly observed with BMMSCs [95].  

 An overview of bone biology, regeneration, and the role of stem cells is presented 

in Chapter 1. The overall objective of this dissertation work was to elucidate the 

osteogenic effect of MSM on the postnatal craniofacial stem cell model in vitro and 
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investigate the system effect of MSM on bone formation in vivo using an aging mice 

model.  

In Chapter 2, we characterized the osteogenic potential of stem cells from human 

exfoliated deciduous teeth (SHED) by optimizing osteogenic conditions using pre-

osteoblast cells (MC3T3-E1 and UMR-106) as positive controls. We then examined the 

contribution of MSM on SHED cells osteogenic differentiation. Our study is the first to 

show MSM inducing osteogenic differentiation and mineralization of SHED cells. Here, 

we show that MSM is able to increase osteoblastic markers (OPN, RUNX2, Osterix, and 

collagen) at mRNA and protein levels in an equivalent manner to that shown by the 

osteogenic medium. Moreover, MSM increased alkaline phosphatase activity and 

mineralization nodules formation. Our observations confirmed MSM osteogenic 

capabilities not only on embryonic and BMMSCs [106] but also in stem cells from a 

completely different origin, i.e., SHED cells. To conclude our investigation on the bone 

regenerative potential of MSM, we examined the effect of MSM on SHED cells with 

mineralized/demineralized bone particles. Bone particles are commonly used in the 

dental field as bone allografts in cases of bone defects [187]. Interestingly, a combination 

of MSM and mineralized bone particles showed an increase in mineralization of SHED 

cells compared to demineralized bone particles treated with MSM or MSM alone. To 

summarize, MSM is an efficient osteogenic promoter that can be utilized in bone 

regeneration modalities.  

 In Chapter 3, we explored transglutaminase-2’s (TG2) implication in MSM 

osteogenic induction. TG2 is a prominent ECM enzyme, which facilities the crosslinking 

of extracellular proteins resulting in matrix maturation and mineralization [188]. MSM 
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showed a time-dependent increase in TG2 protein expression. Furthermore, our studies 

revealed a collaboration of TG2 with OPN and with collagen1 in MSM-treated SHED 

cells. Osteopontin and collagen are known substrate for TG2 crosslinking activities [189]. 

TG2 is expressed in bone by osteoblast and contributes to ECM stabilization and 

maturation [148]. Likewise, using a combination of TG2 inhibitor (cystamine) and MSM 

confirmed the association of TG2 in the differentiation and mineralization developments 

of SHED cells in vitro.  

In Chapter 4, we identified the effect of MSM on osteogenesis in vivo using the 

aging mice model. We injected aging C57BL/6 female mice (36 weeks old) 

subcutaneously with the MSM and PBS for 13 weeks. Micro-computed tomography, 

histological, and immunohistochemistry analyses were done extensively in the bone 

sections of mandibles isolated from aging mice injected with PBS and MSM. 

Comparative studies were also done in the tibial and femoral bones of long bones. An 

increase in the mandibular bone density at the inter-radicular area was observed in mice 

injected with the MSM. The increase was either little or not seen in the femoral or tibial 

bones analyzed by Micro-CT or in bone sections stained with H&E and TRAP. 

Immunohistochemistry analyses demonstrated an increase in OCN staining in osteoblast-

like cells, and a decrease in CD105, a marker for stem cells. We found that MSM has an 

osteogenic effect via not only increasing the osteogenesis potential of osteoblast-like cells 

but also the differentiation potential of stem cells into osteoblast-like cells.  

5.2 Strengths and Limitation of Research  

In the field of bone regeneration, there is a continued need for innovative 

modalities to ensure bone formation and integration. This research offers the basis for 
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incorporating MSM as a competent osteoinductive treatment to enhance bone formation 

and thus incorporating MSM in cases of implants and grafts.  

 Although this work elucidated the effect of MSM on osteogenic differentiation 

and mineralization of postnatal stem cells, there is a lack of interpretation of the signaling 

mechanisms associated with the differentiation and mineralization processes. Future 

studies are required to determine the mechanism by which MSM regulates the 

differentiation and expression of osteogenic markers in dental stem cells in vitro. 

Nonetheless, our in vivo model provides valuable insights on the systemic effect of MSM 

on bone formation in mice, but it possesses significant limitations. This work is the first 

to investigate the effect of MSM on bone formation in long and cranial bones. Though we 

show promising results in our pilot study, the experiments should be repeated to confirm 

our findings with different doses of MSM, and the injection period could be extended to 

evaluate the maximum effects in vivo. The major limitation is the failure to analyze the 

bone formation rate by dynamic histomorphometry of the mice. This should be addressed 

in future studies. In addition, a more confined animal model, such as a bone defect 

model, might provide additional insights into MSM regenerative capabilities [190].  

5.3 Future Directions 

 Collectively, our study examined MSM’s osteogenic capabilities in postnatal stem 

cells (SHED) in vitro and its systemic effects in vivo. For our future directions, we will 

further explore the effect of MSM on different craniofacial stem cells and osteogenesis. 

Also, investigate the possible signaling mechanism associated with osteogenesis in vitro 

in response to MSM. Furthermore, we will use a bone defect animal model to illustrate 
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MSM’s effect as an osteoinductive material with stem cells and scaffold for more 

pronounced bone regeneration.  
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