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Methylsulfonylmethane (MSM) is a naturally occurring anti-inflammatory compound
that effectively treats multiple degenerative diseases such as osteoarthritis and acute
pancreatitis. Our previous studies have demonstrated the ability of MSM to differentiate
stem cells from human exfoliated deciduous (SHED) teeth into osteoblast-like cells. This
study examined the systemic effect of MSM in 36-week-old aging C57BL/6 female
mice in vivo by injecting MSM for 13 weeks. Serum analyses showed an increase in
expression levels of bone formation markers [osteocalcin (OCN) and procollagen type
1 intact N-terminal propeptide (P1NP)] and a reduction in bone resorption markers
[tartrate-resistant acid phosphatase (TRAP) and C-terminal telopeptide of type I collag
(CTX-I)] in MSM-injected animals. Micro-computed tomographic images demonstrated
an increase in trabecular bone density in mandibles. The trabecular bone density tended
to be higher in the femur, although the increase was not significantly different between
the MSM- and phosphate-buffered saline (PBS)-injected mice. In mandibles, an increase
in bone density with a corresponding decrease in the marrow cavity was observed in
the MSM-injected mice. Furthermore, immunohistochemical analyses of the mandibles
for the osteoblast-specific marker – OCN, and the mesenchymal stem cell-specific
marker – CD105 showed a significant increase and decrease in OCN and CD105
positive cells, respectively. Areas of bone loss were observed in the inter-radicular region
of mandibles in control mice. However, this loss was considerably decreased due to
stimulation of bone formation in response to MSM injection. In conclusion, our study
has demonstrated the ability of MSM to induce osteoblast formation and function in vivo,
resulting in increased bone formation in the mandible. Hence, the application of MSM
and stem cells of interest may be the right combination in alveolar bone regeneration
under periodontal or other related diseases that demonstrate bone loss.
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INTRODUCTION

Bone loss associated with osteoporosis represents a significant
health care problem, and it is related to increased activation of
osteoclast bone resorption function (Mundy, 2007; Khosla et al.,
2012; Soysa and Alles, 2016; Cai et al., 2017). Many contributing
factors can cause osteoporosis, and one such aspect is aging
(Demontiero et al., 2012). Increased pro-inflammatory markers
in older adults represent aging-related osteoporosis (Weitzmann
and Pacifici, 2006; Pacifici, 2008). Increased inflammation in aged
mammals is correlated with higher circulating pro-inflammatory
cytokines than young adults (Abdelmagid et al., 2015). The
reason is that increased circulating pro-inflammatory mediators
could induce molecular changes in the periodontal tissue and
exaggerate bone loss in older adults (Liang et al., 2010). In
addition, tooth loss in older adults is linked with periodontal
disease (Koduganti et al., 2009).

Experiments with animals and studies with humans have
implicated pro-inflammatory cytokines (e.g., interleukin-1,
tumor necrosis factor-alpha, and interleukin-6) as primary
mediators of physiologic and pathological bone remodeling
(Goldring, 2003). Chronic inflammation in aging is specified
by increased inflammatory mediators, osteoclast activation, and
bone loss. Furthermore, aging leads to underlying modifications
in the differentiation of mesenchymal stem cells (MSCs)
and therefore impaired osteoblast differentiation and bone
formation (Abdelmagid et al., 2015). The deregulation of
the balance between bone formation and bone resorption
causes age-related osteoporosis. The deregulation is related to
increase osteoclast formation and bone resorption and decrease
osteoblast differentiation and bone formation. Appropriate
alteration of the inflammatory condition is required for typical
bone remodeling. Therefore, it is essential to identify a
new anti-inflammatory agent to increase osteoblast function
and bone formation.

Methylsulfonylmethane (MSM) is a naturally occurring
organosulfur compound with several health benefits. It is a
potent anti-inflammatory compound, which reduces chronic
inflammation and relieves pain. It is used as a dietary supplement
with glucosamine and chondroitin sulfate to treat arthritis (Usha
and Naidu, 2004; Kim et al., 2006; Gregory et al., 2008; Lubis et al.,
2017). An increase in pro-inflammatory cytokines (e.g., IL-6 and
TNF-α) has been observed due to activation of the transcriptional
factor NF-κB. It is worth noting that MSM reduced the expression
of these cytokines by inhibiting NF-κB activity (Kim et al., 2009;
Ahn et al., 2015). Moreover, MSM is a selective inhibitor of
the NLRP3 inflammasome activation in human macrophages
in vitro; analyses in mice corroborated this observation in vivo
(Ahn et al., 2015).

Studies by others and we elucidated MSM’s effect on bone
formation using stem cells such as MSCs, human periodontal
ligament stem cells (hPDLSCs), and stem cells from human
exfoliated deciduous teeth (SHED) (Joung et al., 2012; Aljohani
et al., 2019; Ha and Choung, 2020). MSM induces osteoblast
differentiation via activating the JAK2/STAT5b pathway in
MSCs (Joung et al., 2012). We found that MSM significantly
increases transglutaminase-2 (TG-2) activity and its interaction

with extracellular matrix (ECM) proteins such as collagen type
1 and osteopontin (Aljohani et al., 2019). An increase in the
expression of osteogenic markers and mineralization by MSM
in PDLSCs and SHED suggests that MSM is suitable not only
for the inhibition of inflammatory-related events (Kim et al.,
2009; Ahn et al., 2015) and diseases but also for increasing
bone formation (Joung et al., 2012; Aljohani et al., 2019;
Ha and Choung, 2020). In vivo analysis with hPDLSCs in
calvarial defect and transplantation models indicate that MSM
could be used with stem cells for bone regeneration in vivo
(Ha and Choung, 2020). Mice naturally develop accelerated
periodontal bone loss as a function of age (Liang et al.,
2010). In addition, aging can cause bone loss in trabecular
bone microarchitecture, leading to bone fracture and tooth loss
(Huttner et al., 2009; Koduganti et al., 2009; Willinghamm
et al., 2010; Eastell et al., 2016). Thus, we believed that the
aging mouse model represents a genuinely chronic model
to study possible periodontal tissue loss and restoration or
remodeling mechanisms. Therefore, we proceeded to identify
the effect of MSM on bone formation by osteoblasts in the
aging mouse model. Here, we aim to relate the influence of
MSM on the trabecular bone density of the femoral head
to the mandible. Female C57BL/6 mice at 36 weeks of age
were used for aging-related studies (Jilka, 2013). Histological
and immunohistochemical analyses demonstrated that MSM
could be an applicable osteogenic element in treating bone
loss under inflammation, including aging and post-menopausal
osteoporosis conditions.

MATERIALS AND METHODS

Osteoblast Studies
Cell Culture
MC3T3-E1 (mouse mesenchyme stem cells) and UMR-106 (rat
osteoblast-like cells) were obtained from American Type Culture
Collection (ATCC, Manassas, VA, United States). SHED were
a kind gift from Dr. Jacques Nör (University of Michigan,
Ann Arbor, MI, United States). Briefly, SHED were collected
from exfoliated deciduous incisors of 7- to 8-year-old children.
Guidelines set and approved by the National Institutes of Health
Office of Human Subjects Research were followed during the
isolation procedure (Bento et al., 2013). Briefly, the pulp from a
remnant crown was digested in a solution containing 3 mg/ml
collagenase type I and 4 mg/ml dispase (Worthington Biochem,
Freehold, NJ, United States and Roche Molecular Biochemicals,
Pleasanton, CA, United States, respectively) for 1 h at 37◦C.
After digestion, the solution was passed through a 70-µm
strainer (Falcon) to obtain a single-cell suspension as described
(Gronthos et al., 2000).

UMR-106 cells were cultured in DMEM media containing
10% FBS, 1% penicillin/streptomycin, and 0.05% Gentamicin.
In contrast, MC3T3-E1 cells and SHED 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 5% CO2, and the media was changed every
3 days. For osteogenic differentiation, cells were incubated
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with osteogenic medium (OM), consisting of osteogenic factors,
such as 50 µM ascorbic acid, 5 mM β-glycerophosphate,
and 0.05% Gentamicin. In addition, some cultures were
treated with MSM in the basal medium (BM) with no
osteogenic factors.

Alkaline Phosphatase Activity Analysis
Alkaline phosphatase (ALP) activity was measured using the
colorimetric assay (Aljohani et al., 2019). Cells were seeded
in a six-well plate in MSM (20 mM) presence or absence for
7 days, and lysates were made as described (Aljohani et al.,
2019). An equal amount of protein was used in triplicates in
a 96-well plate to measure the activity. The absorbance was
measured (405 nm) in a microplate reader (Cytation3 image)
with integrated imaging software (Gen5 version 2.09) after the
addition of p-nitrophenyl phosphate (10 µl; Sigma, St. Louis,
MO, United States) to each well.

Alizarin Red S Staining and Von Kossa Staining
UMR-106 cells seeded and incubated for 7 days in a six-well
plate in the presence and absence of MSM (20 mM) were used
to determine the effect of MSM on matrix mineralization. Cells
without any MSM but grown in the OM were used as controls.
Alizarin red S (ARS) is used to stain cells after washing with
phosphate-buffered saline (PBS) three times. Absolute ethanol
was used to fix the cells for 30 min at room temperature. After
ethanol aspiration, 2% ARS solution was added to each well and
processed as described previously (Aljohani et al., 2019). For Von
Kossa staining, 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, a 5% silver
nitrate solution was used as described previously (Aljohani et al.,
2019). Scanning the culture plates stained for ARS and Von Kossa
was done in the scanner (EPSON Perfection V200). Nikon Eclipse
TE 2000-inverted light microscope were used to obtain magnified
images (10× objective).

Animals and Experimental Procedures
Thirty-six-week-old female C57BL6 mice weighing an average
of 30 g were obtained from Charles River (MD, United States).
Mice were maintained in the animal facility at the University of
Maryland, Baltimore (School of Dentistry) animal care facility
at room temperature (21 ± 1◦C), with a 12 h light/12 h
dark cycle. Pelleted mouse diet was fed ad libitum, and the
mouse had free access to water. IACUC of the University of
Maryland, Baltimore reviewed and approved the experimental
procedures (approval number #417006, MD, United States).
All experiments were performed under the relevant guidelines
and regulations.

The mice were kept in the facility for a week for
acclimatization before the injection. Mice were divided at
random into two groups: a control group, injected with
PBS (n = 6) as Group-1, and MSM injected mice (n = 6)
as Group-2. Methylsulfonylmethane (PHR1346-1G, Sigma, St.
Louis, MO, United States) was dissolved in PBS and injected
subcutaneously (100 mg/kg) in a final volume of 100 µl.
The injections were administered three times (i.e., alternate

days) per week for 13 weeks. The animal weight was recorded
every 4 weeks at the initial phase for 8 weeks and then
after 3 and 2 weeks until the sacrifice time at 13 weeks. The
mice were 49 weeks old at the time of sacrifice. Soft organs
such as the heart, kidney, and liver have been isolated, and
histological sections were prepared to assess any abnormalities
caused by injections in these organs. Histological sections of
these organs were stained with hematoxylin and eosin (H&E).
Aperio ScanScope CS System (Vista, CA, United States) was
used to scan the histological sections (bone and other tissues)
(Aljohani et al., 2021). The assessment was performed blindly
by a pathologist.

Bone Histology and Histomorphometry
Analysis
Bone histomorphometry analysis was performed as described
previously (Chellaiah et al., 2003; Aljohani et al., 2021). The
tibia and mandibles were stained with H&E and tartrate-
resistant acid phosphatase (TRAP) staining according to the
manufacturer’s protocols (Sigma, St. Louis, MO, United States).
Stained sections were scanned and analyzed using the Aperio
Scanscope CS instrument (Aperio Scanscope CS system, Vista,
CA, United States). The number of TRAP-positive osteoclasts and
cuboidal osteoblasts adherent to the bone surface were counted
using the Fiji (ImageJ) software.

Immunohistochemistry Analyses in Bone
Sections
Immunohistochemistry was performed as described (Gupta et al.,
2012). After blocking the sections with the blocking solution
(2.5% BSA or horse serum in PBS) for 60 min, at 4◦C, the
slides were incubated overnight at 4◦C with the primary antibody
(Abcam, Cambridge, MA, United States) of interest [e.g., OCN
(rabbit polyclonal), or CD105 (Mouse monoclonal)] which
was diluted (1:100) in blocking solution. After washing with
PBS, the sections were then incubated with the corresponding
secondary antibodies for 60 min. The slides were then washed
and developed as previously described (Gupta et al., 2012).
Finally, immunostained sections were scanned using an Aperio
Scanscope CS instrument (Aperio Scanscope CS system, Vista,
CA, United States).

Microcomputed Tomography Analysis
The femurs and mandibles were dissected from mice, and the
soft tissues from the bones were removed. Bones were fixed
in 4% paraformaldehyde for 2 days and then washed with
PBS. Subsequently, bones were wrapped with gauze soaked
in PBS and kept at 4◦C. Three-dimensional microcomputed
tomography (micro-CT) was performed on the femurs and
mandibles (n = 6) using a Bruker Skyscan 1172 micro-CT
scanner (Carteret, NJ, United States). Specimens were scanned
with a 20 K resolution, 10 µm voxel size, 0.5 Al filter at
55 kV, and 167 µA, as described previously (Moorer et al.,
2017). Bone morphology and microarchitecture were assessed
at the distal femoral metaphysis in a region of interest
(ROI) chosen for a range of 0.2–2.0 mm proximal to the

Frontiers in Physiology | www.frontiersin.org 3 October 2021 | Volume 12 | Article 708905

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-708905 September 28, 2021 Time: 16:8 # 4

Aljohani et al. MSM and Mandibular Bone Remodeling

distal femoral growth plate. For the mandibles, the ROI was
selected in the inter-radicular area of the first molar. The
skeletal parameters assessed by micro-CT followed published
nomenclature guidelines (Dempster et al., 2013).

Enzyme-Linked Immunosorbent Assay
Serum was separated from blood samples and frozen at −80◦C
until use. Serum markers of bone resorption (TRAP); (C-terminal
telopeptide of type I collag, CTX-I) and of bone formation
(osteocalcin, OCN); (procollagen type 1 intact N-terminal
propeptide, P1NP), were measured in duplicate using enzyme-
linked immunosorbent assay (ELISA) kits (Immunodiagnostics
Systems, and LS-Bio Systems) according to the manufacturer’s
instructions. In addition, serum calcium levels were also
measured using a calcium detection kit (Biovision, Inc., Milpitas,
CA, United States).

Osteoclast Studies
Differentiation of Osteoclasts From RAW 264.7
Macrophage-Like Cell Line
Recombinant GST-RANKL was purified as described previously
(Ma et al., 2010). Osteoclasts were generated from RAW 264.7
(ATCC R© TIB-71TM) cells as described (AlQranei et al., 2020).
Mature multinucleated osteoclasts were observed from day three
onward and used for various analyses.

Tartrate-Resistant Acid Phosphatase-Staining
For TRAP staining, undifferentiated macrophages were gently
removed with a cell stripper solution, and multinucleated
osteoclasts attached to the culture plates were used for staining as
described previously (AlQranei et al., 2020). In brief, osteoclasts
were fixed with 4% paraformaldehyde and washed three times
with PBS. TRAP staining was done using the Leukocyte Acid
Phosphatase Kit as described in the manufacturer’s protocol
(Sigma, St. Louis, MO, United States; 387-A). Stained cells
were photographed, and the number of mature osteoclasts
was measured using Cytation5 image reader with software
(Gen5 version 2.09).

Dentine Resorption Assay
Dentine slices were processed as described previously (Chellaiah
et al., 2000). After processing, dentine slices were incubated
overnight at 37◦C in a serum-free α-MEM medium. The next
day, an osteoclast suspension containing 2× 104 cells was gently
added to the dentine slices. After adherence for 2 h, the culture
media were replaced with serum-containing α-MEM containing
RANKL with or without MSM at different concentrations (20
and 40 mM). After incubation for 48 h, dentine slices were
processed and stained with acid hematoxylin (Sigma, St. Louis,
MO, United States) for 6 min and washed well with water. Images
of resorption pits were captured using a Nikon Eclipse TE 2000
inverted light microscope using a 20× and 40× objective (24).

Statistical Analysis
All data are presented as mean ± SEM. Student’s t-test or
Mann–Whitney U test was used to determine the statistical
significance (Graph Pad Software, Graph Pad Inc., San

Diego, CA, United States). The p-value < 0.05 is considered
statistically significant.

RESULTS

Analysis of the Effect of
Methylsulfonylmethane on Bone
Mineralization in vitro
To demonstrate the effect of MSM on ALP activity, we used
MC3T3-E1 and UMR-106 osteoblastic cell lines. Consistent with
the observation shown in SHED (Aljohani et al., 2019), MSM
increased ALP activity in these cells in the basal growth medium
(BM) in vitro. This increase was equivalent to an OM containing
osteogenic factors (Supplementary Figure 1).

Effects of Subcutaneous Injection of
Methylsulfonylmethane on Body Weight
Measurements and Soft Organs
We subsequently sought to determine the effect of MSM on bone
formation in vivo using an aging mouse model. The injection
was performed for 13 weeks, as described in section “Materials
and Methods.” During the injection period, the mice looked
healthy and exhibited normal behavior. Some mice exhibited
hair loss when they first arrived at our facility. However, after
6 weeks of injection with MSM, these mice displayed hair
growth compared to the PBS-injected control group. At the
end of the injection period of 13 weeks, the mice injected with
PBS demonstrated hair loss patches (Supplementary Figure 2A,
white arrows) compared to the MSM group. The hair loss
was reduced, and hair growth was observed in MSM injected
group (Supplementary Figure 2A). No severe abnormalities
were observed in the mice injected with PBS or MSM at
the end of the injection period. It was also observed that
MSM did not affect body weight changes compared to the
PBS-injected mice (Supplementary Figure 2B). In histological
sections, all soft organs (heart, kidney, and liver) showed normal
histology with no signs of damage, inflammation, or defects
(Supplementary Figure 3).

Depiction of the Region of Interest
Chosen for Microcomputed Tomography
Analyses in Femoral and Mandibular
Bones
A two-dimensional (2D) model of the bones dissected from
the injected mice was performed using the micro-CT. The
ROI used in the femur and mandible is shown in Figure 1.
In the femur, the chosen ROI for the trabecular bone lies
below the growth plate region (i.e., in the metaphyseal area),
where the cancellous or trabecular bones are present. In the
mandible, the ROI was chosen in the inter-radicular area
between the first molar roots. As depicted in Figure 1A,
blue brackets in the femur and squares inside the sagittal
(Figure 1B) and coronal (Figure 1C) sections indicate the ROI
for scanning in micro-CT.
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FIGURE 1 | Representative micro-CT image of a femur and mandible of a
mouse showing the region of interest (ROI) for subsequent analyses. Micro-CT
of (A) femur in the axial plane showing the selected ROI in blue brackets, and
mandible shows the chosen ROI, outlined in blue in the (B) sagittal and (C)
coronal sections; white arrow points to the outline. 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.

Microcomputed Tomography Analyses in
the Right Femurs of Mice Injected With
Phosphate-Buffered Saline and
Methylsulfonylmethane
Microcomputed tomography images partially reveal the
trabecular bone microarchitecture and cortical bone morphology
(Figures 2A,B). The 3D reconstruction of the bone (Figure 2C)
provides the visualization of trabecular bone density in the
ROI chosen for scanning (Figure 1A). Although trabecular
bone density appeared to be more in MSM-injected mice
(Figure 2C; right panel) than PBS-injected controls, statistical
analyses showed no significant changes in the trabecular number
(Tb. N) (Figure 2E). Bone volume to tissue volume (BV/TV)
tended to be higher in the MSM-treated mice than the control
mice (Figures 2D–G), but the difference was not statistically
significant. There also were no significant changes in the Tb.
N, trabecular thickness (Tb. Th), and trabecular separation or
spacing (Tb. S) in mice injected with MSM compared with PBS
controls (Figures 2D–G).

Microcomputed Tomography Analyses in
the Mandible From Mice Injected With
Phosphate-Buffered Saline and
Methylsulfonylmethane
Microcomputed tomography scanning analyses of the alveolar
bone of the mandibles showed a considerable increase in BV/TV,

Tb. N, and Tb. Th accompanied by a decrease in the Tb.
S in MSM-injected mice (Figure 3) compared with the PBS
control mice. The ROI of the inter-radicular bone is projected
with a blue rectangle in Figure 1C. Inter-radicular bones or
septa are thin plates of bones that separate the roots of multi-
rooted teeth. The 3D construction of inter-radicular bone is
shown in Figures 3C′′,D′′. As can be seen, the bone density
is higher in MSM-injected mice (Figure 3D′′) compared to
the control group. An increase was also observed in the inter-
radicular bone of the mandible. These observations suggest that
MSM can systematically induce bone formation, but its effect
is more prominent in the bones in the mandibular region than
in the long bones.

Morphometric Analysis of the Tibial and
Mandibular Bone Sections
Methylsulfonylmethane injection appears to have increased the
Tb. N in MSM-injected mice (Figures 4B,B′,B′′) compared
with PBS injected mice (Figures 4A,A′,A′′). As detected by
the micro-CT morphometry analyses, static histomorphometric
measurements exhibited no significant femoral Tb. N or density
changes in mice injected with MSM (Figure 2) compared to the
control mice. Although no significant differences were noted in
the number of the trabecular bone or its density, a considerable
increase in the number of osteoblasts with no changes in the
number of osteoclasts was observed between the two groups
(Figures 4C,D).

As seen in the micro-CT analyses (Figure 3D′′), TRAP-stained
mandibular bone sections of MSM-injected mice also exhibited
an increase in bone density and a decrease in the marrow
cavity (Figure 5B′, arrow) as compared with PBS-injected mice.
Although the marrow cavity is wider in PBS-injected mice
(Figure 5A′, arrow), the osteoclast number is not significantly
different in mice injected with PBS or MSM (Figure 5C). Thus,
an increase in the marrow cavity in PBS-injected mice may
result from increased osteoclast activity and decreased or normal
osteoblast function. While these findings support the prominent
effect of MSM in bone formation, further studies are needed
to confirm the exact mechanism by which MSM exerts its
osteoinductive effects. Furthermore, in vitro experiments with
osteoclasts derived from RAW cells demonstrated that MSM
did not affect osteoclast differentiation or function in vitro
(Supplementary Figure 4).

Immunohistochemistry Analyses With
Osteocalcin and CD105 Antibody
We then used the mandible sections for immunohistochemistry
analyses with OCN, a biomarker for osteoblast activity,
and CD105, a stem cell marker. Immunostained sections
demonstrated an increase in bone density in the inter-radicular
bone region of the mandible with a significant rise in OCN-
positive bone cells and a decline in CD105 positive stem cells
in MSM injected mice (Figures 6,B,B′,C,D). In addition, as
compared with PBS-injected mice (Figures 6A,A′), the inter-
radicular bone width (IRB) is more in MSM injected mice
(Figures 6B,B′). Thus, these observations indicate that MSM
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FIGURE 2 | Microcomputed tomography analysis of trabecular and cortical bone isolated from mice femurs injected with PBS and MSM. (A) Representative
longitudinal sections of the femur are shown in two different planes, i.e., the sagittal and coronal, (B) The ROI indicated in Figure 1 was used for transverse plane
scanning, and (C) For three-dimensional (3D) construction. The micro-CT parameters were compared in six mice femurs injected with PBS and MSM. Statistical
analyses were performed using the Mann–Whitney U test for morphometric parameters, including (D) bone volume to tissue volume (BV/TV), (E) trabecular number
(Tb. N) and (F) trabecular thickness (Tb. Th), and (G) trabecular spacing (Tb. S), all shown as bar graphs. Data are shown as the mean ± SEM; NS, not statistically
significant.

increases bone formation and the differentiation of CD105
positive stem cells into OCN-positive osteoblast-like cells.

Analysis of Serum Biomarkers for Bone
Formation and Resorption by
Enzyme-Linked Immunosorbent Assay
Serum was analyzed by ELISA for bone resorption (TRAP and
CTX-I) and bone formation (OCN, P1NP) markers (Figure 7).
An increase in osteoblast markers such as OCN and P1NP was
observed in mice injected with MSM compared to PBS-injected
mice (Figures 7B,D). Interestingly, we also detected a notable
decrease in the levels of TRAP and CTX-I in the MSM-injected
mice group as compared to the control group, which suggests
that osteoclast activity may be reduced by MSM (Figures 7A,C)
even though the osteoclast number was not significantly different
between PBS- and MSM-injected mice (Figure 5C).

DISCUSSION

Our previous studies have shown that MSM influences the
differentiation of SHED into osteoblast-like cells and their
osteogenic potential. In SHED, TG-2 enzyme is involved in

the cross-linking of ECM proteins (collagen and osteopontin)
and the mineralization process in vitro in the presence of
MSM (Aljohani et al., 2019). MC3T3 and UMR-106 cells are
commonly used for in vitro studies. Validating the results of our
earlier studies in SHED (Aljohani et al., 2019), here we showed
that MSM increased ALP activity and mineralization in UMR-
106 cells. Furthermore, besides MC3T3, SHED, and UMR-106
cells, MSM also increased the expression levels of osteogenic
specific markers (ALP, osteopontin, OCN, RUNX2, and osterix)
in hPDLSCs (Ha and Choung, 2020). We experimented with
aging mice to comprehend whether in vitro findings of increased
bone formation by MSM in vitro are also relevant in vivo. We
performed a series of observations in aging mice, especially in the
mandibular bone area, to elucidate whether MSM is an attractive
therapeutic compound for the treatment of bone loss.

Bone loss occurs under conditions of periodontitis and
osteoporosis, and both progress with increasing age (Jonasson
and Rythen, 2016). Most clinical studies on the effects of
human aging on periodontal tissues suggest a significant
correlation between the aging and incidence of periodontal
disease (Papapanou et al., 1989; Ismail et al., 1990; Haffajee
et al., 1991; Huttner et al., 2009). MSM is commonly used as a
supplement to treat arthritis and other inflammatory conditions
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FIGURE 3 | Microcomputed tomography analysis of mandibular bone in mice injected with PBS and MSM. (A,B) A 3D construction of the (A) whole mandible and a
sagittal section displaying the (B) teeth inside their respective sockets are shown. Representative sagittal (C,D) and coronal (C′,D′) planes of mandibles isolated
from mice injected with (C) PBS and (D) MSM are shown. For the micro-CT scanning of the panels (C′,D′,C′ ′, and D′ ′), the ROI outlined (blue) in the (B) sagittal and
(C) coronal planes are shown in Figure 1 were used. The micro-CT parameters were compared in six mice per group, and statistical analyses were performed using
the Mann–Whitney U test for the indicated morphometric parameters (E–H). The data are shown as mean ± SEM; ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, vs.
PBS-injected mice (BV/TV, bone volume-to-tissue volume; Tb. N, trabecular number; Tb, Th, trabecular thickness; Tb. S, trabecular spacing, or separation).

(Butawan et al., 2017). Aging itself has been considered a chronic
inflammatory state (Gibon et al., 2017). Periodontal tissues of
aged mice have increased inflammation and elevated alveolar
bone loss compared to young mice (Liang et al., 2010). Therefore,
we used the aging mice model to identify the effect of MSM
on bone cells. Mice were injected with MSM subcutaneously
for 13 weeks. Our study demonstrated more bone loss in
control mice which is diminished in MSM injected mice in the
mandibular region.

We then did a series of studies in aging mice and analyzed
the bone by micro-CT and histomorphometry analyses. We
determined the quantitative differences in PBS- and MSM-
injected mice by measuring BV/TV, Tb. Th, trabecular spacing,
and Tb. N. Although bone loss was observed in both long
bones and mandibular bones due to aging in PBS-injected
mice, bone formation by MSM was more significant in the
mandibular bones than in long bones. Since MSM is an anti-
inflammatory compound, injection of MSM may have reduced
the inflammatory events in the mandibular area and improved
bone density. Clark et al. reported depletion of macrophages in
old mice resulted in decreased inflammatory cytokines within the
gingiva and reduced bone loss (Clark et al., 2021).

Furthermore, as suggested by others, it may be due to the
unique characteristics of collagen in the mandible compared to
the long bones (Matsuura et al., 2014). The uniqueness may
include a more significant amount of collagen with a smaller
amount of mature cross-links and a lower extent of Lysine

hydroxylation. These structures support the mandibular matrix’s
distinct interactions with bone remodeling cells, including
osteoblasts, osteoclasts, and precursors (Matsuura et al., 2014).
Moreover, the differentiation of osteoblasts occurs in optimal
collagen cross-linking (Turecek et al., 2008). Studies have also
shown that proteinases used for bone resorption in mandible
displayed different properties from long bones (Azari et al., 2011;
de Souza Faloni et al., 2011; Vermeer et al., 2013). Furthermore,
the bone formation rate decreases with age in femoral bones,
whereas it remains elevated in the jawbones (Huja and Beck,
2008). Nevertheless, irrespective of the mechanism, it is possible
that the arrangement of collagen in mandibular bone may assist
in bone remodeling via their interaction with bone remodeling
cells. Therefore, the collagen matrix structure and its interaction
with bone cells in the mandible may provide a notable difference
in the remodeling process compared with long bones.

Studies have shown that inter-radicular bone loss is associated
with the progression of bone loss in multirooted teeth in
patients with chronic periodontitis (Desai and Shinde, 2012).
Inter-radicular alveolar bone is exposed to occlusal stimuli and
is often used for alveolar bone histomorphometry. Here, in
the TRAP-stained mandibular bone sections, we have shown a
significant bone loss in the inter-radicular bone region of PBS-
injected mice (Figures 5A,A′); however, although the osteoclast
number remains the same in both PBS- and MSM-injected
mice, a considerable decrease in the bone loss was observed in
MSM-injected mice (Figures 5B,B′). In vitro experiments with
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FIGURE 4 | Histological assessment of the proximal right tibial bone sections in mice injected with PBS (A) and MSM (B) for 13 weeks. (A,A′,B,B′) Hematoxylin and
Eosin (H&E) stained and (A′′,B′′) TRAP-stained proximal right tibial sections are shown in triplicate for each injection. Black squares in panels (A,B) indicate the
region enlarged in panels (A′,B′). The same area of the magnified bone section stained for TRAP is shown in panels (A′′,B′′). Dark purple-stained cells seen
attached to the bone surface are TRAP-positive osteoclasts [panels in (A′′,B′′)]. Scale bars represent 800 µm in panels (A,B); 200 µm in the magnified H&E (A′,B′)
and TRAP- (A′,B′) stained panels. Quantification of the number of osteoblasts (N. Ob) and osteoclasts (N. Oc) was performed in the tibial metaphyseal bone surface
(BS) region. Quantification was performed using the Fiji (ImageJ) software, and the results are shown as the mean ± SEM of six mice per injection. A standard
Student’s t-test was used to analyze p-values. ∗∗p < 0.01.

osteoclasts also demonstrated no changes in osteoclast number
in MSM untreated or treated osteoclasts. We then raised the
question, Is this related to an increase in bone formation?

To further determine that MSM stimulated bone formation,
we analyzed the serum for bone resorption (TRAP and CTX-1)
and formation (OCN and P1NP) markers. Although MSM did
not affect the bone resorption of osteoclasts from RAW cells
in vitro, a significant decrease in the bone resorption markers
was observed in the serum of mice injected with MSM compared
with PBS-injected mice. The levels of TRAP and CTX1 represent
the measurement of enzymes and peptides released during bone
resorption. As indicated by others (Milne et al., 2009), serum
phosphatase levels (TRAP) can be used as an alternative measure
to validate osteoclast activity. We found that MSM can reduce
bone resorption. The measurement of serum levels of P1NP is
precisely comparative to the amount of new collagen produced by
osteoblasts. Osteocalcin level is a valid marker of bone formation
and represents osteoid formation rather than mineralized bone

formation. Both P1NP and OCN are currently the best and
widely used indicators of bone formation (Melkko et al., 1996;
Huja and Beck, 2008; Chavassieux et al., 2015). In addition to
reducing bone resorption by osteoclasts, an increase in bone
formation by osteoblasts may have contributed to the rise in bone
density in the inter-radicular bone region of the bone.

Consistent with an increase in serum levels of OCN,
immunohistochemistry analyses also displayed more OCN-
positive cells in the mandibular area. The intriguing observation
in the immunohistochemistry analyses is a decrease in CD105
positive cells and a corresponding increase in OCN-positive
cells in the mandibular bone sections of MSM-injected mice.
Several types of stem cells (DPSCs, SHED, PDLSCs, SCAPs, and
DFPCs) are present in the dental tissue (Gronthos et al., 2000;
Sonoyama et al., 2006, 2008; Morsczeck et al., 2009; Morsczeck
and Schmalz, 2010; Morsczeck, 2015), and these stem cells can
provide novel therapies in dentistry and support bone formation
in vitro and in vivo. The expression of CD105 (aka endoglin)
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FIGURE 5 | Tartrate-resistant acid phosphatase-stained mandible bone sections in mice injected with PBS (A) and MSM (B). Representative TRAP-stained
mandible sections for each injection are shown. Black circles in panels (A,B) indicate an enlarged view of the bone section in panels (A′,B′). Arrowheads and arrows
point to the inter-radicular bone and the bone marrow cavity, respectively, in PBS- and MSM-injected mice. Asterisks (∗) denote the dentine of adjacent teeth roots.
Scale bars: 2 mm in panels (A,B) and 200 µm in panels (A′,B′). Quantification of the number of osteoclasts (N.Oc) (C) was performed in six mice per group using Fiji
software (ImageJ). A standard Student’s t-test was used to analyze the data. The number of osteoclasts was not significantly (NS) different between the experimental
groups tested.

FIGURE 6 | Immunohistochemistry analysis in mandible sections. Bone sections were stained with an antibody against (A,B) OCN or (A′,B′) CD105. Inter-radicular
bone and dentine are abbreviated as IRB and De; arrows point to cells stained for CD105 (A′,B′). Quantification of (C) OCN- and (D) CD105-positive cells was
performed using Fiji (ImageJ) software, and the results are shown as the mean ± SEM of six mice per injection. A standard Student’s t-test was used to analyze
p-values. ∗∗p < 0.01 and ∗p < 0.05. Scale bar: 300 µm.

in MSC is necessary for self-renewal. These cells are shown to
form bone in vivo and are a promising tool for bone regeneration
(Aslan et al., 2006). A decrease in CD105 positive cells and

a corresponding increase in OCN-positive osteoblast-like cells
in MSM-injected mice strongly suggest that MSM can induce
osteogenic differentiation of stem cells in vivo. Future studies will
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FIGURE 7 | Analysis of the serum levels of indicated biomarkers of bone formation and resorption in mice injected with PBS and MSM. The serum levels of
(A) TRAP, (B) OCN, (C) CTX-I, (D) P1NP, and (E) calcium were measured using ELISA kits. Serum from six mice per injection was used for the analyses, and each
analysis was performed in triplicates. The results are presented as mean ± SEM; standard Student’s t-test was used to analyze the p-value; ∗p < 0.05; N.S., not
statistically significant.

evaluate the mechanism and potential of CD105 positive cells to
differentiate into osteoblast-like cells in the presence of MSM.

We showed in this study the initial characterization of the
effects of MSM on bone formation in aging mice. Yet, we
recognize that this study has limitations, and our future studies
will address these limitations. More specifically, our further
investigation includes analyzing the effects of MSM on: (1)
bone formation using dynamic histomorphometry as shown
previously (Jilka et al., 1996; Weinstein et al., 1997; Chellaiah
et al., 2000) and (2) the differentiation of CD105 positive cells into
OCN-positive osteoclast-like cells in vitro and in vivo. In vitro
analysis will also focus on the molecular mechanisms by which
MSM induces the osteogenic differentiation of stem cells (SHED)
and increases bone formation. For example, is there any role for
the Wnt pathway to stimulate the differentiation of SHED into
osteoblast-like cells and bone formation?

CONCLUSION

Based on histomorphometry, micro-CT, biochemical, and
immunohistochemistry analyses, we have found that MSM
increases bone formation in the inter-radicular region of
the mandible of the aging mice. Furthermore, OCN-positive

osteoblast-like cells were more in the inter-radicular areas of
bone, where more bone density was observed. A decrease
in CD105 positive stem cells with a concomitant increase
in osteoblast-like cells suggests that MSM can induce the
differentiation process in vivo based on the needs. Although these
findings additionally support the bone remodeling effect of MSM,
more studies are necessary to identify the molecular mechanisms
involved in this differentiation process in vitro and in vivo. We
suggest that the therapeutic effect of MSM on bone loss could
go beyond alveolar bone loss that occurs in periodontitis Studies
have shown that estrogen loss promotes continual inflammation,
which supports post-menopausal osteoporosis (PMO). Pro-
inflammatory cytokines (e.g., TNF-alpha and IL-17A) contribute
to osteoclast activation and bone loss in PMO. Thus, the potent
anti-inflammatory MSM can be used as a therapeutic agent to
improve bone loss-associated diseases, including periodontitis,
PMO, and rheumatoid arthritis.
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