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Abstract 

 

 

PREVENTATIVE AND THERAPEUTIC EFFECTS OF BMSC EXOSOME ON 

PERIODONTAL DISEASE 

 

By Jin Ha Kim, BSc 

 

A thesis submitted in partial fulfillment of the requirements for the degree of Master of 

Science in Physiology and Biophysics at Virginia Commonwealth University  

 

Virginia Commonwealth University, 2020 

 

Mentor: Zhao Lin, BDS, MS, MMSc, PhD 

Associate Professor, Department of Periodontics 

 

Periodontitis is an inflammatory disease caused by the imbalance between host 

immune response and bacterial infection. Strategies to manage the uncontrolled, 

excessive immune response and to promote tissue healing are in great demand. 

Therapies based on mesenchymal stem cells (MSCs) are promising and the clinical 

effects of MSCs are largely mediated by their secretome, especially exosomes. 

Previously, we isolated and purified exosomes secreted by human bone marrow 

mesenchymal stem cells (hBMSC). These exosomes have proliferative, chemotactic, 

anti-inflammatory and anti-osteoclastic function in vitro. In this study, we had two 

hypotheses: 1) hBMSC exosomes would prevent periodontal inflammation and alveolar 

bone loss with immunomodulatory function; 2) hBMSC exosomes would enhance 
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periodontal tissue regeneration. To test these hypotheses, we used a rodent ligature-

induced experimental periodontitis model. In the preventative experiment, rats were 

treated with hBMSC exosomes concurrently with ligature placement. In the regenerative 

experiment, rats were treated with hBMSC exosomes for 3 weeks and 6 weeks after the 

experimental periodontitis was induced. Our results show that, in the preventive study, 

hBMSC exosome treatment led to less disease progression as evidenced by increased 

alveolar bone volume, decreased linear bone loss, and less lymphocyte infiltration in the 

subepithelial area. However, through micro-CT and gene expression analyses, no 

significant differences were seen between the exosome treatment and control in the 

regenerative study at both time points. In summary, hBMSC exosomes can ameliorate 

the development of periodontitis via an immunomodulatory effect. However, more 

studies are needed in the future to investigate their regenerative potential in periodontal 

tissues. 
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CHAPTER 1: INTRODUCTION 

 

 

1.1. PERIODONTAL DISEASE 

Periodontal disease is one of the most prevalent inflammatory diseases (1). 

Periodontal disease refers to the inflammatory process in response to the overgrowth of 

dental plaque caused by dysbiosis of bacteria complex, which often results in alveolar 

bone loss, tooth mobility and finally loss of the affected tooth (2). According to Centers 

for Disease Control and Prevention (CDC), one out of every two American adults aged 

30 and over has periodontal disease (3). Progression of periodontal disease can be 

unrecognized for a long time due to its slow and painless nature. Disease progression 

may have begun at younger age, but people often are first aware of the periodontal 

disease at older age when the irreversible damage has already been done. The 

prevalence of periodontal disease increases with age (4, 5). With more people living 

longer, the number of people developing periodontal disease will increase even more 

(6). In addition to increased prevalence in older age and detrimental effects on 

periodontal tissue, chronic periodontitis is associated with other systemic disease such 

as atherosclerosis, pneumonia, rheumatoid arthritis, adverse pregnancy outcome, 

diabetes and cancer (7-15).  Periodontitis can also have a significant effect on the 

psychosocial well‐being, as the disease causes the discomfort, food intake difficulty and 

changes in facial appearance. With physical impairment and psychological distress, 

periodontitis has a negative impact on life quality.  
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1.2 PATHOGENESIS OF PERIODONTAL DISEASE 

Host immune response plays a central role in the periodontal disease 

pathogenesis. In healthy condition, periodontal tissues are able to manage the bacterial 

infection with the controlled host immune response. When the balance between the 

control mechanism and bacterial infection is lost, disease progresses and it leads to the 

periodontal tissue damage.  

Bacteria colonize plaque biofilms on the tooth surface and initiate inflammatory 

responses (16). Firm attachment of the plaque on the tooth surface makes it impossible 

for the host immune system to remove pathogens and continue to insult the periodontal 

tissues (17). Junctional epithelium is the first periodontal structure to encounter bacterial 

pathogens which can further cross the junctional epithelium and penetrate into the 

underlying connective tissue (18). Resident cells detect the molecular pattern 

associated with pathogens (PAMPs) such as lipopolysaccharide (LPS) and Toll-like 

receptors on the cells bind with PAMP causing the activation of proinflammatory 

transcription factors, such as NFκB and AP-1 (19, 20), and the subsequent synthesize 

and release of inflammatory cytokines. Once the inflammation has been initiated, 

marginal periodontal ligament fibers are destroyed as a result of increased proteinase 

production and activity in the host immune system and therefore periodontal pockets 

are formed. Bacterial plaques spread apically along the root surface and deepen the 

pocket. The junctional epithelial cells are stimulated to proliferate and apically migrate 

along the root (21). 
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Gingival blood vessels below the junctional epithelium become inflamed. 

Neutrophils exit the post-capillary venules and migrate into the gingival sulcus (22). 

Neutrophils can recruit T-helper 17 cells (Th17) to the infection site and more 

proinflammatory cytokines are produced. In addition, they promote the accumulation of 

B cells and plasma cells which express RANKL, a key osteoclastogenic cytokine, to 

induce bone resorption (23).  

Macrophages polarize into two distinct phenotypes, M1 and M2. M1 

macrophages are induced by the LPS of microorganism or by the Th1 related cytokines 

like IFN-γ, and secrete inflammatory cytokines such as TNF-α, IL-1β, IL-6 (24). M1 

macrophages can phagocytize microorganisms and promote inflammatory response, 

which contributes to the degradation of the collagen matrix in connective tissue (25). M2 

macrophages are induced by the stimulation of Th2 related cytokines such as IL-4 and 

IL-13. They inhibit the inflammatory process by the secretion of anti-inflammatory 

cytokines including IL-10. Also, they can secrete TGF-β to promote cell proliferation and 

tissue regeneration (26). M1 rather than M2 macrophages predominate in the 

progression of chronic periodontitis (27). 

Lymphocytes are activated by two types of signals and invade into periodontal 

tissue: one is the activation of antigen receptor of lymphocytes themselves and the 

other is the antigen-presenting cells, APC. Activated lymphocytes are the main source 

of RANKL, which induces osteoclastogenesis (28). RANKL/OPG/RANK system 

manages the balance of alveolar bone metabolism (29). RANKL binds to the receptor 

RANK on the surface of osteoclast or osteoclast precursor. The binding triggers 
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osteoclasts to accumulate on the bone surface. OPG inhibits the biological functions of 

RANKL as a decoy ligand for RANK (30). Th1 lymphocytes also secrete inflammatory 

cytokines such as TNF-α and IL-1β, which cooperates with Th17 lymphocytes in 

producing RANKL. Overall, lymphocytes have an important role in the progression of 

periodontitis and bone resorption (31, 32).   

1.3 CURRENT TREATMENTS FOR PERIODONTAL DISEASE 

 

 

 

Figure 1:  Immune response during periodontal disease (description in the text). 

Source: (Muñoz-Carrillo et al., 2019)  
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    Current treatments of periodontal disease are divided into non-surgical 

treatment and surgical treatment. Traditional treatments focus on the mechanical 

debridement procedures such as scaling and root planing and allow the periodontal 

tissue to restore itself (33). Complete elimination of bacterial biofilm with mechanical 

debridement procedures is usually unachievable because of the difficulty in accessing 

deep and tortuous pockets (34). Bacteria would recolonize within a week and infection 

will continue to thrive (35). Systemic antibiotics can be used along with the mechanical 

procedures in certain patients to improve the treatment efficacy. However, systemic 

antibiotics should be used with caution as unnecessary use can develop antibiotic 

resistance (36).   

Periodontal surgical treatments focus on the elimination of periodontal pockets 

and the regeneration of periodontal apparatus. Pocket reduction surgery is a 

conservative procedure which reduces the soft tissue of periodontal pockets and 

creates new epithelial attachment with open access and debridement (37). The 

regeneration of periodontium can be accomplished with surgical treatments such as 

guided tissue regeneration and bone grafting. Although restoration to the original 

periodontal condition is not often achieved (38), periodontal surgical treatments can still 

be beneficial to people with severe periodontitis. In effort to overcome the limitations of 

current treatments, such as unpredictable outcome, sophisticated and complex 

procedures and high cost, researchers are searching for new therapies for periodontal 

regeneration.   

1.4 REGENERATION POTENTIAL OF MESENCHYMAL STEM CELLS 



8 
 

Adult mesenchymal stem cells (MSCs) are capable of multilineage differentiation 

and self-renewal (39, 40). Bone marrow is the most common source for MSCs while 

they exist in almost all tissues. Human bone marrow stem cells (hBMSCs) have been 

widely used for tissue regeneration and cell-based therapies because of their 

therapeutic effects. MSCs have the ability to migrate to the inflammation site and the 

potential to differentiate into various cell types. Once activated, they can secrete anti-

inflammatory molecules to suppress excessive inflammation and have 

immunomodulatory functions (41).  

Past research has reported up to 20% of cementum and alveolar bone 

regeneration after MSC treatment in experimental defects in dogs (42). Also, positive 

clinical results were obtained in a small clinical trial (43). The amount of MSCs in the 

bone marrow is very low (44) while a large number of cells are required for clinical 

applications. Expansion in vitro is essential to obtain the adequate amount of cells. 

However, long-term culture and higher passages can lead to cell transformation and 

decrease in differentiation ability (45-47). While MSCs appear to have high regeneration 

potential, many challenges remain for their clinical application (48).   

1.5 MSC DERIVED EXOSOMES 

Exosomes are specific extracellular vesicles (EVs) secreted into extracellular 

fluid by all cells acting as messengers to communicate with other cells. Exosomes are 

nanoscale lipid bilayer EVs that carry lipids, mRNA, miRNA and proteins derived from 

the parental cell (49, 50).  EVs are classified into three subtypes: exosomes, 

microvesicles (MVs), and apoptotic bodies (51, 52). Biogenesis process of exosomes 



9 
 

consists of four phases: initiation, endocytosis, multivesicular body (MVB) development, 

and release (53). Endosome is formed with endocytosis from the plasma membrane. 

Inward budding of endosome leads to the formation and accumulation of intraluminal 

vesicles inside the lumen developing MVB. MVB merges with the plasma membrane to 

release intraluminal vesicles into the extracellular space, which are called the exosomes 

(54).     

 

 

Figure 2: Endocytosis vesicle is formed from the plasma membrane which develops 

into late endosome. MVB is formed with inward budding in the cytosol from the 

endosome. Intraluminal vesicles in the MVB are released into extracellular space 

called exosomes. Source: (Schorey et al., 2015) 
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Exosomes contain plasma, cytosolic and nuclear proteins (55). Alix and TSG101 

proteins are associated with exosome biogenesis, and RAB proteins, Annexins, 

integrins, major histocompatibility complex (MHC), tetraspanins are associated with 

membrane function (56). Tetraspanins such as CD9, CD81, CD82 and CD63 are 

involved in cellular interactions through binding with integrins and MHC (57). HSP70 

and HSP90 are common cargo proteins (58). The associated pathway analysis of 

exosomal proteins revealed Integrin and mTOR signaling pathways, both of which are 

essential in osteoblast differentiation and bone formation (59).  

 

 

 

Figure 3: Exosomes are nanoscale extracellular vesicles containing specific 

proteins, RNAs and lipids. Proteins include HSP70, 90, GAPDH. Proteins involved in 

synthesis (Alix, ESCRT proteins, TGS101), and membrane associated or 

transmembrane proteins (RAB, Annexins, CAMs, Integrins, Tetraspanins, MHC I and 

II) and other cytosolic proteins. Source: (Cooper et al., 2020) 
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Another abundant component of exosome cargo is miRNAs which regulate gene 

expression. miRNAs in exosomes represent the parental cell type and condition (50). 

Therefore, it is possible to therapeutically alter cell function through directing engineered 

miRNAs into exosomes (60, 61). Many studies proved that exosomes serve to convey 

signals from cell to cell (62-64). The transportation of miRNAs from parental cell to 

target cell results in the miRNA-mediated alteration in gene expression and cellular 

function. Thereby this is an important paracrine signaling mechanism (65), which can be 

used in the regenerative therapy. For example, exosomes have been reported to protect 

against acute kidney injury by altering cellular activities in epithelial/mesenchymal 

transition, matrix remodeling, apoptosis, differentiation, inflammation and repair process 

(66).  

There are several advantages of using MSC exosomes in regenerative medicine 

instead of MSC as a whole cell. The small size of exosomes allows them to circulate 

throughout the body whereas MSCs are too large to pass beyond the capillary bed. A 

cell-derived lipoprotein coat of exosomes protects their cargo from degradation in the 

systemic circulation (49). Exosome delivery can avoid the transfer of mutated or 

damaged cells which might exhibit oncogenic potential and other noxious effects. 

Moreover, the use of exosomes can overcome the scarcity of MSCs because exosomes 

can be harvested multiple times from MSC culture (67). While more research is needed, 

it is certain that MSC exosomes are promising agents as stem cell-based, cell free 

regenerative therapy.   

 1.6 MSC DERIVED EXOSOMES IN BONE REGENERATION 
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MSC exosome-mediated regeneration has received great attention in the past 

decade. For instance, exosomes reduced the morphologic and functional damage of 

glycerol-induced acute kidney injury in SCID mice by inducing proliferation of tubular 

cells (68). BMSC-derived exosomes preserved retinal ganglion cell function and 

promoted axon regeneration through miRNA-dependent mechanisms (69). Treatment of 

MSC exosomes improved cardiac epicardial remodeling and increased left ventricular 

ejection fraction (70). The progression of hypoxic-induced pulmonary hypertension was 

significantly inhibited by intravenous MSC exosome injection (71).  

In regard to bone regeneration, some studies demonstrated MSC exosomes 

have the ability to activate osteogenic differentiation, stimulate angiogenesis, and 

promote bone formation (72-75). miRNAs in hBMSC exosomes such as let-7a are a 

regulator of osteoblast differentiation (76). Many studies demonstrated hBMSC-derived 

exosomes carry miRNAs that contributes to bone regeneration (77-78). In addition to 

miRNAs, there are other important proteins mediating essential signaling pathways in 

bone regeneration. For example, the secretion factors from MSCs, including exosomes, 

can stimulate the expression of RUNX2, a transcription factor that regulates 

osteogenesis by promoting the differentiation of pluripotent stem cells into osteoblasts 

(79). hBMSC exosomes activates multiple signaling pathways such as Akt, Erk1/2 and 

STAT3 to induce angiogenic responses in fibroblasts (80). Wnt pathway plays important 

role in bone repair. hBMSC exosomes activates the Wnt3a-β-catenin pathway and 

induces angiogenic capacity of fibroblast (81). hBMSC exosomes also express high 

level of BMP9, transforming growth factor β1 (TGFβ1), and vascular endothelial growth 
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factor (VEGF), and platelet-derived growth factor (PDGF) (82), all of which are 

important growth factors in osteogenic differentiation and angiogenesis (83-85).  

Previous work in our lab demonstrated the effects of hBMSC exosomes on cell 

proliferation, migration, and cytokine production in vitro. The intensity of hMSC 

migration and proliferation increased as the exosomes dosage increased. From protein 

arrays, various cytokines and growth factors were enriched in the exosomes compare to 

the supernatant of the culture medium. The exosomes also showed anti-inflammatory 

effect, which suppressed IL-6 production in macrophage-like cells, and inhibited 

osteoclast differentiation in vitro. Many small RNAs, such as miR-486, 760, 6087, 7641, 

and 4792, are highly enriched in exosomes compared to total cell lysate.  

1.7 SUMMARY   

 The host inflammatory response triggered by oral microbial biofilm on tooth 

surface causes periodontitis. Complications such as association with systemic disease, 

physical discomfort and negative psychosocial impact due to periodontal deformity can 

remarkably reduce the quality of life of patients. With the limitations of current 

treatments and the expected increase of disease prevalence, new innovative treatment 

which targets the uncontrolled periodontal inflammation is highly desired. While MSC is 

widely recognized, the applications of MSC in regenerative medicine have experienced 

several challenges. Exosomes secreted from MSCs have the advantages to overcome 

the limitations of whole cell delivery while retaining the beneficial regeneration potential 

of MSCs. MSC exosomes may serve as a novel stem cell-based, cell free regenerative 

therapy for treating periodontitis.    
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CHAPTER 2: SPECIFIC AIMS 

 

Progressive periodontal inflammation leads to the destruction of periodontal 

tissues including alveolar bone. Recent studies demonstrated the outcome of stem cell 

exosome therapy in bone regeneration. However, the impact of MSC exosomes in the 

periodontal diseases is still not clear. The overall objective of this study is to explore the 

preventative and therapeutic potential of hBMSC exosomes therapy for periodontitis. 

The first hypothesis was that hBMSC exosomes could prevent periodontal inflammation 

and alveolar bone loss. The second hypothesis was that hBMSC exosomes may 

promote periodontal regeneration after the disease was established.  

2.1 Specific Aims 

The following aims were developed to test our main hypothesis: 

 Specific Aim 1: To determine if hBMSC exosomes would prevent 

periodontal inflammation and alveolar bone loss in ligation-induced periodontitis. 

  Sub-aim 1: To determine the effect of hBMSC exosomes on alveolar bone 

loss via Micro-CT analysis. Periodontitis was induced at rat maxillary molars by suture 

ligation and, concurrently, hBMSC exosomes were injected to gingival papillae every 

week. 3 weeks later, the left and right maxillae of the subjects were harvested, and 
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subsequently analyzed with the standardized micro-CT protocol.  Bone volume and 

alveolar bone level were both quantified.  

  Sub-aim 2: To perform a histological analysis of periodontal tissue from 

the preventative model.  Samples from the harvested maxillae were demineralized and 

sectioned. The slides were then stained with H&E to investigate the morphology and to 

qualitatively show the extent of prevention in disease progression.  

  Sub-aim 3: To perform a histomorphometric analysis of infiltrated 

lymphocytes in gingival subepithelial tissue to determine the effect of exosome on 

periodontal inflammation. Images of gingival tissue from H&E stained sections were 

captured. Lymphocytes in the gingival subepithelial tissue were quantified by specific 

characteristics of lymphocyte.  

 Specific Aim 2: To determine if hBMSC exosomes would promote 

periodontal regeneration in ligation-induced periodontitis.   

  Sub-aim 1: To perform Micro-CT analysis of bone volume and alveolar 

bone level to determine the effect of hBMSC exosomes on periodontal bone 

regeneration. Periodontitis was induced at rat maxillary molars by suture ligating for 3 

weeks. After that, the sutures were removed and weekly exosome injection was started 

for 3 or 6 weeks. The left and right maxillae were harvested, and subsequently analyzed 

with the standardized micro-CT protocol.  Bone volume and alveolar bone level were 

both quantified.  
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Sub-aim 2: To determine the gene expression profiles of periodontal 

tissues during inflammation resolution and tissue regeneration. Gingival papillae were 

dissected from formalin-fixed maxillary samples and RNA was extracted. RT-qPCR was 

performed to analyze the expression of a panel of genes related to inflammation 

activation and resolution.  

2.2 SIGNIFICANCE OF THE STUDY 

 The purpose of these studies was to establish the therapeutic effects of hBMSC 

exosomes in periodontitis with possible further development of an innovative and less 

invasive regeneration therapy. Current periodontal therapies focus mostly on the 

debridement of bacterial pathogens. However, the chronic inflammatory response in the 

hosts is correlated with the susceptibility and severity of the disease. Therefore, safe, 

effective, and efficient therapies to control the excessive inflammatory response can be 

the key of successful treatment for periodontitis. Our previous studies suggested the 

regenerative effects of hBMSC exosomes in calvarial defects. It would be exciting if 

exosome therapy can also be applied to periodontal regeneration and provide a better 

alternative treatment modality which is more time and cost effective and efficacious. Our 

study may lead to novel preventive and therapeutic strategies which would benefit 

patients with periodontal disease globally.  
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CHAPTER 3: METHODS 

 

3.1.  SPECIFIC AIM 1: TO DETERMINE IF hBMSC EXOSOMES WOULD PREVENT 

PERIODONTAL INFLAMMATION AND ALVEOLAR BONE LOSS IN LIGATION-

INDUCED PERIODONTITIS 

Studies in Aim 1 sought to determine if hBMSC exosomes would prevent 

periodontal inflammation and alveolar bone loss in ligation induced periodontitis model 

in rats. hBMSC exosomes are known to be proliferative, chemotactic, anti-inflammatory, 

and anti-resorptive from in vitro studies. With our ultimate goal to develop a more 

effective clinical therapy for periodontal defects, in vivo studies are the reasonable next 

step in progression. We first tested if hBMSC exosomes can exert immunomodulatory 

function to prevent periodontal inflammation and alveolar bone loss.  

20 Male Sprague-Dawley rats (250-300g) were divided into 2 groups: exosome 

treatment and control. The rats were anesthetized with isoflurane. Buprenorphine was 

administered pre-surgically for pain management. 3-0 silk sutures were placed into the 

gingival sulci around the maxillary left second molar (Figure 4). The sutures were left in 

place for three weeks to induce experimental periodontitis. Both groups received weekly 

injections concurrently with suture placement. Injections were administered locally at 

two palatal gingival tissue sites: interdental papillae between 1st and 2nd molars and 

2nd and 3rd molars of the left maxilla. Exosome treatment group received 1.6 µg
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exosomes on weekly injection day: 2.5 µL of exosomes per injection site with 0.33 

µg/µL concentration. Exosomes were harvested from hBMSC culture media through 

sequential ultracentrifugation and quantified by measuring the total protein content 

through BCA assay. Same volume of saline was injected to the control group. After 3 

weeks, rats were euthanized with CO2 and the maxillae were harvested and fixed in 

10% formalin for further analysis (Figure 5).  

 

 

 

 

Figure 4: (A) Rats were laid down on the back and both upper and lower jaws were 

immobilized by fixing a string. (B) 3-0 suture was placed around the maxillary left 

second molar. Suture was first passed through interdentium between second and 

third molar apically. Same suture was passed through another interdentium between 

first and second molar apically. Suture was looped around the neck of the second 

molar and tied firmly using a triple-knot. Excess suture was cut. Source: A) (Muraoka 

et al., 2018), B) (Abe & Hajishengallis, 2013) 
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3.1.1. AIM 1.1: TO DETERMINE THE EFFECT OF hBMSC EXOSOMES ON 

ALVEOLAR BONE LOSS VIA MICRO-CT ANALYSIS  

The fixed left and right maxillae were scanned by a micro-CT machine, Bruker 

SkyScan 1173. Obtained images were reconstructed using NRecon Reconstruction 

software. Reconstructed images were opened in DATAVIEWER software to align each 

sample with standard parameters shown in Figure 6. Transverse plane of each aligned 

samples was saved for volumetric analysis. Sagittal plane of each aligned samples was 

saved for alveolar bone level analysis.  

For volumetric analysis, the transverse plane images of samples were opened in 

CTAn software. Region of interest (ROI) was established in 121 transverse plane layers 

 

 

 

Figure 5: First injection was done on the same day of ligature placement (red). 

Injections (green) were given three times weekly. After 3 weeks, rats were euthanized 

with CO2.  
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starting from the top layer which is the CEJ of the second molar. Two ROIs, one was 

the area between the first molar and second molar and the other was the area between 

the second molar and third molar, were traced by hand using computer mouse in all 121 

layers as shown in Figure 7. Once the ROI drawing is complete, bone volume was 

quantified with setting threshold within the software. Threshold was found to be the 

lowest acceptable pixel brightness of the bone area. Values above are counted as solid 

 

 

 

Figure 6: Three planes of the sample can be viewed in DATAVIEWER software. (A) 

First, the mesial end of first molar and the distal end of the third molar were aligned 

along with the vertical blue line from the transverse plane at the cementoenamel 

junction (CEJ) of the second molar. (B) Second, the buccal CEJ and the palatal CEJ of 

the second molar were aligned along with the horizontal red line from the coronal 

plane. (C) Third, the mesial CEJ and the distal CEJ of the second molar were aligned 

along with the horizontal red line from the sagittal plane. 
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Figure 7: (A) Bone volume was measured in two different area, zone 1 and zone 2. 

Zone 1 is the area between the first molar and the second molar. Zone 2 is the area 

between the second molar and the third molar. ROI was drawn in the transverse 

plane with the straight tangent line from four roots in each zone as the connecting 

boundaries of the ROI. (B) The process of drawing the ROI of zone 1 was repeated 

approximately every 5 layers. (C) The process of drawing the ROI of zone 2 was 

repeated approximately every 5 layers.  
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bone. Quantitative analysis provided the value of tissue volume (TV), bone volume (BV), 

and a ratio of the two (BV/TV) that represents the percentage of total bone within the 

ROI.    

 

For alveolar bone level analysis, the sagittal plane images of samples were 

opened in CTAn software. Among those sagittal plane images, one or two sagittal plane 

images that the crowns of the first molar, second molar, and third molar were contacted 

to each other were selected. These images were opened in ImageJ software. The CEJ 

midpoints between the first molar and second molar and also between the second molar 

and third molar were located using line tools. From the midpoint, a perpendicular line 

 

 

 

 

Figure 8: CEJ of the first molar (M1) and the second molar (M2) were connected with 

the straight line. From the midpoint of this line, a perpendicular straight line was 

drawn to alveolar bone crest (ABC). This perpendicular line was measured for the 

alveolar bone level analysis. Same measurement was done between the M2 and the 

third molar (M3).     
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was drawn to the alveolar bone crest (ABC) as shown in Figure 8. This perpendicular 

line was measured to represent the linear bone loss measurement for alveolar bone 

level analysis.   

3.1.2.  AIM 1.2: TO PERFORM HISTOLOGICAL ANALYSIS OF PERIODONTAL 

TISSUE FROM THE PREVENTATIVE MODEL 

After micro-CT analysis, maxillae samples were decalcified in a 14% EDTA 

solution that was pH balanced to 7.2-7.4 with 10N NaOH.  The samples were placed in 

the solution with a stir bar to ensure constant movement and placed in a cold room for 

approximately 16 days.  Once the samples became soft, they were rinsed four times 

with H2O and the samples were temporarily placed back into formalin until ready for 

embedding and sectioning.  With help from the CMMC (Cancer Mouse Models Core, 

Massey Cancer Center, Richmond, VA), the samples were embedded in paraffin blocks 

and sectioned in the sagittal plane from the palatal side so that the roots of the molars 

are visible. The sections were placed on slides and stained with Hematoxylin and Eosin 

(H&E).  The H&E stain helped visualize tissue morphology and allowed for qualitative 

analysis of the samples. Images were captured using Phenochart, a slide visualizer 

supplied by PerkinElmer. 

3.1.3.  AIM 1.3: TO PERFORM A HISTOMORPHOMETRIC ANALYSIS OF INFILTRATED 

LYMPHOCYTES IN GINGIVAL SUBEPITHELIAL TISSUE TO DETERMINE THE EFFECT OF 

EXOSOME ON PERIODONTAL INFLAMMATION 
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Figure 9: (A) 20x resolution images of the periodontal tissue between M1 and M2 

were changed into grayscale image. Threshold was set at the nucleus of epithelial 

layer. Cells which had higher intensity nucleus than the epithelial layer were shown 

in blue. (B) From the origianl 20x resolution images, 50μm depth of subepithelial 

tisue area, ROI, were drawn in yellow line. (C) The longest diameter of nucleus which 

is above threshold within ROI was measured. Another diameter which is the 

perpendicular to the first diameter was also measured. If the ratio of those two 

diameters were samller than 1 :1.5, the cell was counted as the infiltrated 

lymphocytes. 
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After obtained the histology images of samples, infiltrated lymphocytes in gingival 

subepithelial tissue were quantified. Images of the periodontal tissue between the first 

molar and the second molar with 20x magnification were captured from the Phenochart 

software. The images were opened in ImageJ software and the infiltrated lymphocytes 

were counted based on the criteria as shown in Figure 9. The first criterion was the cells 

should have a higher nuclear staining than that of gingival epithelial cells. The second 

criterion was that the cells should have smaller nucleus than the epithelial cell nucleus. 

The third criterion was that the ratio of two perpendicular diameters of nucleus than 1.5. 

Cells matched these criteria within the ROI, which includes a subepithelial area 50μm 

from the basal cell layer, were counted as the infiltrated lymphocytes.    

3.2. SPECIFIC AIM 2: TO DETERMINE IF hBMSC EXOSOMES WOULD 

PROMOTE PERIODONTAL REGENERATION IN LIGATION-INDUCED 

PERIODONTITIS 

Studies in Aim 2 sought to determine if hBMSC exosomes would promote 

healing in the ligation induced periodontitis. This regenerative model, an extension of 

the preventive study, simulates the clinical situation when patients come to the clinics 

with existing periodontitis. The hypothesis was that the hBMSC exosomes have 

osteogenic potential and promote periodontal regeneration.   

52 Male Sprague-Dawley rats (250-300g) were divided into 5 groups: baseline (8 

rats), 3-week exosome treatment (11 rats), 3-week control (11 rats), 6-week exosome 

treatment (11 rats), and 6-week control (11 rats). The rats were anesthetized with 
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isoflurane. Buprenorphine was administered pre-surgically for pain management. 3-0 

silk sutures were placed into the gingival sulci around the maxillary left second molar as 

shown in Figure 4. The sutures were left in place for three weeks to induce experimental 

periodontitis. After 3 weeks, rats in the baseline group were euthanized with CO2 and 

the maxillae were harvested and fixed in 10% formalin for further analysis. For all other 

groups, sutures were removed and the first injections were given at the same time. 

Injections were administered locally at two palatal gingival tissue sites: interdental 

papillae between 1st and 2nd molars and between 2nd and 3rd molars of the left 

maxilla. Exosome treatment group received a total of 1.7 µg exosomes on weekly 

injection day: 2.5 µL of exosomes per injection site with 0.35 µg/µL concentration. 

 

Figure 10: Ligature was placed for 3 weeks on the left second molar. Ligature was 

removed after 3 weeks and baseline group was sacrificed at this time point. Other 

groups received injection at the time of ligature removal. 3 week groups are 

sacrificed after 3 weeks of injections. 6 week groups are sacrificed after 6 weeks of 

injections.   
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Exosomes were harvested from hBMSC culture media through sequential 

ultracentrifugation and quantified by measuring the total protein content through BCA 

assay. Same volume of saline was injected to the control group. 3 weeks after the first 

injection, rats from both 3-week exosome treatment and 3-week control groups were 

euthanized with CO2 and the maxillae were harvested and fixed in 10% formalin for 

further analysis. 6 weeks after the first injection, rats from the 6-week exosome 

treatment and 6-week control groups were euthanized with CO2 and the maxillae were 

harvested and fixed in 10% formalin for further analysis. 

3.2.1. AIM 2.1: TO PERFORM A MICRO-CT ANALYSIS OF BONE VOLUME AND 

ALVEOLAR BONE LEVEL TO DETERMINE THE EFFECT OF hBMSC EXOSOMES 

ON PERIODONTAL BONE REGENERATION 

Both left and right maxillae were scanned using a micro-CT machine, Bruker 

SkyScan 1173. Obtained images were reconstructed using NRecon Reconstruction 

software. Reconstructed images were opened in DATAVIEWER software to align each 

sample with standard parameters shown in Figure 6. Transverse plane of each aligned 

samples was saved for volumetric analysis. Sagittal plane of each aligned samples was 

saved for alveolar bone level analysis.  

For volumetric analysis, the transverse plane images of samples were opened in 

CTAn software. Region of interest (ROI) was established in 121 transverse plane layers 

starting from the top layer which was the CEJ of second molar. ROI was the area 

between 8 roots of the molars: two distal roots of the first molar, four roots of the second 

molar, and two mesial roots of the third molar. ROI was traced by hand using computer 
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mouse in all 121 layers as shown in Figure 11. Once the ROI drawing was complete, 

bone volume was quantified with setting threshold within the software. Threshold was 

found to be the lowest acceptable pixel brightness of the bone area. Values above were 

counted as solid bone. Quantitative analysis provided the value of tissue volume (TV), 

bone volume (BV), and a ratio of the two (BV/TV) that represents the percentage of total 

bone within the ROI.     

For alveolar bone level analysis, the sagittal plane images of samples were 

opened in CTAn software. Among those sagittal plane images, one sagittal plane image 

 

Figure 11: (A) Bone volume is measured in the area between 8 roots; 2 distal roots of 

M1, 4 roots of M2, and 2 mesial roots of M3. ROI was drawn in the transverse plane 

with the straight tangent line from each root as the connecting boundaries of the 

ROI. The process of drawing the ROI was repeated approximately every 5 layers.  
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of the midpoint of the second molar was selected. Then, 5 images of every 10th sagittal 

plane image toward both buccal and palatal side from the selected midpoint image were 

selected as well. Total 11 sagittal plane images were selected from each sample. The 

distance between the CEJ of M2 and the ABC in all 11 images were measured in Image 

J software to represent the linear bone loss (Figure 12).  

 

3.2.2 AIM 2.2: TO DETERMINE THE GENE EXPRESSION PROFILES OF 

PERIODONTAL TISSUES DURING INFLAMMATION RESOLUTION AND TISSUE 

REGENERATION  

   

 

 

Figure 12: Horizontal line was drawn at the mesial CEJ of the second molar (M2). 

From the horizontal line, a perpendicular straight line was drawn to alveolar bone 

crest (ABC) between the first molar (M1) and M2. This perpendicular line was 

measured for the alveolar bone level analysis. Same measurement was done from 

the distal CEJ of M2 and the alveolar crest between the M2 and the third molar (M3).     

M3 M2 M1 
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Periodontal tissues between the first and second molar, and the second and third 

molar were collected with B12 surgical scalpel blade (Figure 13) from the baseline 

group (4), 3-week exosome treatment (5), 3-week control (5), 6-week exosome 

treatment (5) and 6-week control (5). RNA from the periodontal tissue sample was 

extracted with Quick-RNATM FFPE kit (Zymo Research). The tissue samples were 

digested overnight with twice amount of Proteinase K as suggested from the manual at 

55°C. After multiple RNA isolation steps following the manual, RNA was eluted in 15μl 

DNase/RNase-Free Water. Concentration of the RNA was measured with NanoDrop TM 

One/OneC Microvolume UV-Vis Spectrophotometer (Thermo Scientific).  

 

Figure 13: Periodontal Tissue was collected for the gene expression profile 

analysis. Red triangles show where the periodontal tissue was collected from; 

between M1 and M2, and M2 and M3. Collected samples were placed in 10% 

formalin until RNA is extracted.  



31 
 

 High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) was used to 

generate cDNA from the extracted RNA.  The volume contained ~200ng of RNA of each 

sample was calculated. 2.9 μl of RT master mix was prepared on ice by adding, 1.0 μl 

of 10X RT Buffer, 0.4 μl of 25X dNTP Mix (100mM), 1 μl of 10X RT Random Primers, 

and 0.5 μl of MultiScribe TM Reverse Transcriptase. Calculated volume of the RNA 

samples were added along with the RT master mix. If the RNA sample volume needed 

was larger than 7.1 μl which was the maximum amount allowed, only 7.1 μl of the RNA 

sample was added. Total amount all together should be 10 μl. If the total amount was 

smaller than 10 μl, Nuclease-free water was added to make the total amount 10 μl. 

Reverse Transcription (RT) reaction was performed at 25°C for 10 minutes, 37°C for 

120 minutes, and 85°C for 5 minutes. cDNA were stored at -20°C.  

 Target-specific preamplification was performed on the cDNA generated from the 

extracted RNA. 5 μl of cDNA was preamplified in a volume of 30 μl containing 1x 

PerfeCTa® SYBR® Green FastMix® (Quantabio) and 34 primer pairs (Supplementary 

Table 1), 40nM of each primer. Preamplification was performed at 95°C for 3 minutes 

followed by 20 cycles of amplification at 95°C for 20 seconds, 60°C for 3 minutes, and 

72°C for 20 seconds and a final additional incubation at 72°C for 10 minutes. 

Preamplified cDNA samples were stored at -20°C. Preamplified cDNA samples were 

diluted 1:10 with water before performing the Quantitative real-time PCR (qPCR). 

 qPCR was performed in the QuantStudio TM 3 Real-Time PCR System (Applied 

Biosystems) using 10 μl reactions containing 5 μl of 1x PerfeCTa® SYBR® Green 

FastMix® (Quantabio), 400nM of each primer and 2 μl preamplified and diluted cDNA. 
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The same primers were used in the target specific preamplification reaction. qPCR was 

performed at 50°C for 2 minutes and 95°C for 10 minutes followed by 40 cycles of 

amplification at 95°C for 15 seconds and 60°C for 1 minute, followed by a melting curve 

ranging from 60°C to 95°C, 2s per 0.3°C increment. The PCR products were used to 

run gel electrophoresis in order to validate the primer specificity.  2-ΔΔCt method was 

used to calculate relative changes in gene expression. For each animal, the result from 

left side was normalized to that from the right side and the fold change was presented. 

3.3 STATISTICAL ANALYSIS 

All the calculation was done in Excel spreadsheet. The data were analyzed using 

unpaired t-test and one-way analysis of variance (ANOVA), followed by Turkey multiple-

comparison tests. P-values less than 0.05 were considered statistical significance. 

Graphs for each data were prepared using Graph Pad Prism 7.02 (Graph Pad Software, 

CA, USA). 
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CHAPTER 4: RESULTS 

 

 

 

4.1.  SPECIFIC AIM 1: TO DETERMINE IF hBMSC EXOSOMES WOULD PREVENT 

PERIODONTAL INFLAMMATION AND ALVEOLAR BONE LOSS IN LIGATION-

INDUCED PERIODONTITIS 

 Maxillae samples were analyzed by standardized micro-CT protocols and 

statistical regression. Tissue morphologies were confirmed by histological analysis. 

Infiltrated lymphocytes in the subepithelial tissue were quantified by histomorphometric 

analysis.  

4.1.1. AIM 1.1: TO DETERMINE THE EFFECT OF hBMSC EXOSOMES ON 

ALVEOLAR BONE LOSS VIA MICRO-CT ANALYSIS 

 In the preventative study, periodontitis was induced on the left maxilla and the 

right maxilla remained healthy. The alveolar bone loss analysis was normalized to the 

healthy side of the same animal. Bone volume (BV) was divided by the tissue volume 

(TV) to calculate the percentage of the bone volume in the ROI (BV/TV). BV/TV was 

then normalized to the healthy side BV/TV. The normalized BV/TV in the exosome 

treatment group (0.68, p<0.05) was significantly higher than the control group that was 

0.56, showing significantly less bone loss in the exosome treatment group (Figure 14). 

Alveolar bone level (ABL) was measured by the distance from the CEJ to the ABC in 
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the interproximal space between molars (Figure 8). If the distance is longer, the ABL is 

lower. In opposite, if the distance is shorter, the ABL is higher which means less bone 

loss (Figure 15). ABL was only measured in the interproximal space because it was 

where the most bone loss occurred due to ligature placement as shown in Figure 16. 

The linear distance measurement of the disease side was also normalized to the 

healthy side. The normalized linear measurement in the exosome treatment is smaller 

than the control group (1.34 vs. 1.67, p=0.06), also indicating less bone loss in the 

exosome treatment group (Figure 17).     

 

 
 

 

Figure 14: The volumetric measurements of the exosome treatment group were 

significantly larger than the control group in both the disease side data and the 

normalized data. Alveolar bone loss was significantly reduced in the exosome 

treatment group.    
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Figure 15: ABL is higher when the linear distance measurement from CEJ to ABC 

shown in blue line is smaller. Higher ABL means less alveolar bone loss. ABL is 

lower when the linear distance measurement from CEJ to ABC shown in yellow line 

is larger. Lower ABL means more alveolar bone loss.  

 

 

Figure 16: (B) Linear distance measurements from CEJ to ABC were done in 9 

different locations. (A) Results showed that the most bone loss happens in the 

interproximal space, Z1 and Z2. The green arrow showed the data points at M2.   
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4.1.2.  AIM 1.2: TO PERFORM HISTOLOGICAL ANALYSIS OF PERIODONTAL TISSUE 

FROM THE PREVENTATIVE MODEL 

 A histological analysis was used to provide insight of the effects exosomes may 

have on tissue morphology. H&E stained histology images of the control group exhibited 

prominent epithelial hyperplasia. In contrast, the exosome treatment group showed less 

increased epithelial cell proliferation (Figure18). Also, there was more severe apical 

migration of junctional epithelium observed in the control group than the exosome 

treatment group (Figure19).  

 
 

 

Figure 17: The linear distance measurements of the exosome treatment group were 

significantly smaller than the control group in both disease side data and the 

normalized data, denoting significantly higher ABL. Alveolar bone loss was 

significantly reduced in the exosome treatment group.    
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Figure 18: H&E stained histology sections showed that there were more increased 

epithelial cell proliferation in the control group than the exosome treatment group.  

The epithelial layer of control group is marked with yellow circle. The epithelial layer 

of exosome treatment group is marked with green circle.  
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Figure 19: H&E stained histology sections showed that there were more severe 

apical migration of junctional epithelium (JE) in the control group than the exosome 

treatment group.  CEJ is marked with black line. Apical migration of JE of the control 

group is marked with yellow arrow. Apical migration of JE of the exosome group is 

marked with green arrow. 
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4.1.3. AIM 1.3: TO PERFORM A HISTOMORPHOMETRIC ANALYSIS OF INFILTRATED 

LYMPHOCYTES IN GINGIVAL SUBEPITHELIAL TISSUE TO DETERMINE THE EFFECT OF 

EXOSOME ON PERIODONTAL INFLAMMATION 

 Infiltrated lymphocytes in the subepithelial tissue were quantified from the 20x H&E 

stained histology images. Lymphocytes are mostly small in size. Their nucleus appears as 

dense purple and monochromatic round shape. These characteristics made it clear to identify 

infiltrated lymphocytes in subepithelial tissue from the H&E stained histology images (Figure 20). 

In average, there are 2135 infiltrated lymphocytes/mm2 in the control group. Significantly less 

amount of the infiltrated lymphocytes was found in the exosome group, shown in Figure 21 

(1686, p<0.05).    

 

 

 

 

Figure 20: Red arrow indicates infiltrated lymphocyte. Lymphocytes have round dark 
nucleus surrounded by a narrow rim of cytoplasm. There are clear distinction 
between cytoplasm and nucleus in the color intensity. Most of the lymphocytes are 

small in size.  
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4.2. SPECIFIC AIM 2: TO DETERMINE IF hBMSC EXOSOMES WOULD 

PROMOTE PERIODONTAL REGENERATION IN LIGATION INDUCED 

PERIODONTITIS  

Maxillae samples were analyzed by standardized micro-CT protocols and statistical 

regression. Macrophage related gene expression was analyzed in the periodontal tissue to 

create a gene expression profile during bone regeneration.    

 

 

 

Figure 21: There are significantly less infiltrated lymphocytes in the subepithelial 
tissue from the exosome treatment group than the control group (p<0.05). 
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4.2.1. AIM 2.1: TO PERFORM A MICRO-CT ANALYSIS OF BONE VOLUME AND 

ALVEOLAR BONE LEVEL TO DETERMINE THE EFFECT OF hBMSC EXOSOMES 

ON PERIODONTAL BONE REGENERATION 

 

 

 

 

Figure 22: (A) Baseline group has significantly less normalized BV/TV than other 

groups: 3-week exosome treatment group, 6-week exosome treatment group, and 6-

week control group. (B) Baseline group has significantly longer distance from CEJ to 

ABC, meaning lower alveolar bone level (ABL).  P-values were indicated on the 

graph.  

A) 

B) 
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 In the regenerative study, periodontitis was induced on the left maxilla and the right 

maxilla remained healthy. The alveolar bone loss analysis was normalized to the healthy side of 

the same animal. For bone volume measurement, the differences between the exosome 

treatment group and the control group at both 3-week and 6-week didn’t reach statistical 

significance. Similarly there was no significant difference between the exosome group and the 

control group at both 3-week and 6-week in the alveolar bone level analysis. However, the 

baseline group had significantly less bone volume than the 3-week exosome treatment group 

(p<0.05) and both 6-week groups (p<0.001). Also, there was significantly lower alveolar bone 

level (after normalization to the right side) at the baseline compared to all other four groups 

showing the ligature placement successfully induced periodontitis. The increasing bone volume 

and alveolar bone level showed a natural healing progression with time. (Figure 22).       

4.2.2 AIM 2.2: TO DETERMINE THE GENE EXPRESSION PROFILES OF 

PERIODONTAL TISSUES DURING INFLAMMATION RESOLUTION AND TISSUE 

REGENERATION 

 Periodontal tissues from the regenerative model were collected. cDNA was 

generated from the extracted RNA from the collected periodontal tissues. RT-qPCR was 

done to determine the expression of genes related to inflammation activation and 

resolution. A panel of 34 genes was selected and primers targeting these genes were 

designed (supplementary table 1). The transition of macrophages from M1 phase to M2 

phase is a keystone step in the healing process. Due to time limitation, the expression 

of one gene from each M1 and M2 gene pool were analyzed. Each gene (TNFα and 

TGM2) was selected after the validation of the specificity and efficiency of primers by 

gel electrophoresis (Figure 23) and RT-qPCR. Both TNFα and TGM2 gene expression 
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didn’t show any significant trend during the bone regeneration process (Figure 24) due 

to the small number of sample size (n=4 or 5).    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23: (A) (B) (C) Primer specificity 

for all 34 primers for the gene of interest 

was validated with gel elctrophoresis.   
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Figure 24: 2
-ΔΔCt

 method was used to calculate relative changes in gene expression. 

(A) TNFα expression was normalized to β-Actin, (B) TGM2 expression was 

normalized to β-Actin, (C) TNFα expression was normalized to GAPDH, (D) TGM2 

expression was normalized to GAPDH. (A)(B)(C)(D) Disease side was normalized to 

the healthy side.   

 

A) B) 

C) D) 
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CHAPTER 5: DISCUSSION 

 

 

 In the past decades, exosome therapy has received a lot of attention due to its 

ability to regulate cell and tissue function in the regeneration process. Studies have 

shown that exosomes are osteogenic and anti-resorptive in bone disease (88-90). 

Periodontal disease is caused by the accumulation of bacteria which activates the 

inflammatory response. The continued presence of bacteria results in the destruction of 

periodontal tissue including alveolar bone (91). In this study, we hypothesized that 

hBMSC exosomes prevent alveolar bone loss and have regenerative potential in 

diseased periodontium.  

In the preventative study, we found that hBMSC exosomes reduced periodontal 

inflammation and alveolar bone loss. We were able to set up a standard Micro-CT 

protocol for rat maxillae samples, and therefore reliable and reproducible data were 

generated. Bone volume and alveolar bone level analysis showed the reduction of the 

alveolar bone loss after the exosome treatment. This suggests that the exosomes have 

a preventative effect on the alveolar bone, which is similar to what was shown in other 

degenerative bone diseases (88). In healthy periodontium, junctional epithelium is 

attached onto enamel and protects the tooth surface. With the invasion of bacterial 

pathogenic components, junctional epithelium is detached from the enamel and 

migrates down to the root, which creates pockets (92). Also, the epithelial tissue 

interacts with bacterial pathogens through TLRs producing cytokines and proteinases 

which lead to epithelial proliferation and migration into the inflamed area (93, 94). 



46 
 

Imbalanced immune response to the consistent bacterial insults leads to the destruction 

of periodontal tissue, which is associated with the infiltration of lymphocytes into the 

connective tissue (95). We observed lesser extent of epithelial cell proliferation and 

apical migration and reduced amount of infiltrated lymphocytes in the subepithelial 

tissue after the exosome treatment. Overall, this preventative study demonstrated the 

possibility of exosomes to be a protective agent for periodontal disease with the ability 

of regulating inflammatory response.  

Histomorphometric analysis was used instead of immunohistochemistry to 

quantify the infiltrated lymphocytes in this study because we encountered technical 

difficulties finding antibodies for lymphocytes. We can continue to try different antibodies 

to detect and visualize the lymphocytes in the future study to confirm the findings in our 

current study.   

      In the regenerative model, our data didn’t support that hBMSC exosomes promote 

the alveolar bone regeneration. Many factors may be associated with the results. For 

example, the dosage of exosomes should be further explored. We observed the efficacy 

of the exosomes in the preventive study. The main difference between the two models 

is the timepoint of the injection of hBMSC exosomes. Administering of hBMSC 

exosomes starting at the healthy stage or the early stage of immune response may 

have been enough to suppress the inflammatory response and subsequently prevent 

alveolar bone destruction, however, higher exosome concentration may be needed to 

enhance the tissue repair in the presence of severe periodontitis. The fact that the 

regenerative effect of exosomes is dose dependent has also been shown in other bone 

diseases (96-98). Also, different methods to deliver the exosomes can be tested in the 
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future. In this study, we used subgingival injection because it is easy and less invasive. 

However, the amount of exosomes that can be delivered through this method is limited 

due to the small injection volume (~2 μl/site). Excessive liquid volume will lead to tissue 

necrosis. It is also not clear how long the exosomes can stay at the disease site after 

the injection. Other studies also indicated the importance of delivery strategy. Chew et 

al. demonstrated that exosome loaded in collagen sponge promoted regeneration 

potential (98).  

The self-regeneration of periodontium was appreciated in our regenerative model, 

which was shown by the increased BV/TV values at 6-week comparing to baseline. This 

phenomenon has also been documented in literature (99, 100). To explore the 

important genes that are involved in the inflammation resolution and tissue regeneration 

process, we designed a panel of primers targeting genes involved in the transition of 

macrophages (M1-M2), key enzymes in the metabolism of lipidic inflammation 

resolution products, cytokines and growth factors. Periodontal tissue was collected from 

the formalin fixed maxillae sample to extract RNA. RNA integrity was assessed prior to 

further process. In order to obtain reliable data from the downstream research process, 

RIN number usually should be above 7. Our extracted RNA showed RIN numbers 

between 2 and 3, indicating that formalin fixation broke down RNA molecules and 

modified RNA. The poor RNA quality might contribute to the large variance that we saw 

in the PCR results. Other studies suggested that using formalin free fixative, such as 

PAXgene Tissue System (101) and cryopreservation (102), can improve the RNA 

quality to enhance the comparability and reliability of RT-PCR experiments. Even 
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though our preliminary gene expression results didn’t lead us to any conclusion yet, 

we’ve demonstrated the feasibility of our strategy for future studies.   
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CHAPTER 6: CONCLUSION 

 

 Current traditional periodontal disease treatments focus mainly on mechanical 

debridement. Adjunctive treatments such as systemic antibiotics are associated with 

serious complications and antibiotic resistance. It is important to direct route of our 

journey in developing future preferential therapy to harness the host immune system 

modulation strategy since the destruction of periodontal tissues was done directly by 

host immune response. Cell-based treatments using MSCs are thought to be an 

alternative novel therapy due to its pleiotropic effects. Problem of scarcity and possible 

oncogenic potential with utilizing MSCs can be solved with hBMSC exosomes as they 

convey the regenerative factors including specific nucleic acids and proteins from 

parental cells.  

 Our study evaluated the protective and regenerative potential of hBMSC 

exosomes in the application of periodontal regeneration in ligature-induced 

experimental periodontitis in rats. hBMSC exosomes significantly reduced periodontal 

inflammation and alveolar bone loss in an experimental periodontitis model. When 

applied as a therapeutic agent, hBMSC exosomes did not show statistically superior 

effects compared to control. Interestingly, natural inflammation resolution and tissue 

regeneration was observed in the study, which may be worthwhile for further research 

to understand the underlying mechanism. Overall, this study suggested that hBMSC 

exosome may be a key agent as a host modulation therapy for periodontitis.     



50 
 

References 

1. Kassebaum NJ, Smith AGC, Bernabé E, Fleming TD, Reynolds AE, Vos T, 

Murray CJL, Marcenes W. Global, Regional, and national prevalence, 

incidence, and disability-adjusted life years for oral conditions for 195 

countries, 1990–2015: a systematic analysis for the global burden of diseases, 

injuries, and risk factors. J Dent Res. 2017;96 (4):380-387. 

2. Kononen E, Gursoy M, Gursoy UK. Periodontitis: A Multifaceted Disease of 

Tooth-Supporting Tissues. J Clin Med. 2019;(8):1135. 

3. Eke PI, Dye BA, Wei L, Thornton-Evans GO, Genco RJ. Prevalence of 

Periodontitis in Adults in the United States: 2009 and 2010. J Dent Res. 

2012;91(10):914-20.  

4. Brown LJ, Albandar JM, Brunelle JA, Loe H. Early-onset periodontitis: 

progression of attachment loss during 6 years. J Periodontol. 1996;67:968-

975. 

5. Grossi SG, Genco RJ, Machtei EE, Ho AW, Koch G, Dunford R, Zambon JJ, 

Hausmann E.  Assessment of risk for periodontal disease. II. Risk indicators 

for alveolar bone loss. J Periodontol. 1995;66:23-29. 

6. Loesche WJ, Grossman NS. Periodontal disease as a specific, albeit chronic, 

infection: diagnosis and treatment. Clin Microbiol Rev. 2001;14(4):727-752. 

7. Arigbede AO, Babatope BO, Bamidele MK. Periodontitis and systemic 

diseases: A literature review. J Indian Soc Periodontol. 2012;16:487-91. 

8. Genco R, Offenbecker S, Beck J. Periodontal disease and cardiovascular 

disease: Epidemiology and possible mechanisms. J Am Dent Assoc. 

2002;133:145-25. 

9. Mion P. Oral health and respiratory infection. J Can Dent Assoc. 

2002;68:340-5. 

10. Soory M. Periodontal diseases and rheumatoid arthritis: A coincident model 

for therapeutic intervention? Curr Drug Metab. 2007;8:750-77. 

11. Scannapieco FA, Bush RB, Paju S. Periodontal disease as a risk factor for 

adverse pregnancy outcome: A systematic review. Ann Periodontol. 

2003;8:70-8. 

12. Iacopino AM. Periodontitis and diabetes interrelationships: Role of 

inflammation. Ann Periodontol. 2001;6:125-37. 

13. Mealey BL, Oates TW. Diabetes mellitus and periodontal diseases. J 

Periodontol. 2006;77:1289-03. 

14. Mealey BL, Rose LF. Diabetes mellitus and inflammatory periodontal 

diseases. Curr Opin Endocrinol Diabetes Obes. 2008;15:135-41. 

15. Michaud DS, Liu Y, Meyer M, Giovannucci E, Joshipura K. Periodontal 

disease, tooth loss, and cancer risk in male health professionals: A 

prospective cohort study. Lancet Oncol. 2008;9:550-08. 



51 
 

16. Mira A, Simon-Soro A, Curtis MA. Role of microbial communities in the 

pathogenesis of periodontal diseases and caries. J of Clin Periodontol. 

2017;44(Suppl. 18):S23-S38.  

17. Cavalla F, Biguetti CC, Garlet TP, Trombone APF, Garlet GP. Inflammatory 

pathways of bone resorption in periodontitis. Bostanci N, Belibasakis G, 

editors. Pathogenesis of Periodontal Diseases. Springer; 2018. p. 59-85.  

18. Noguchi, S, Ukai, T, Kuramoto, A, Yoshinaga, Y, Nakamura, H, Takamori, Y, 

Yamashita, Y, Hara, Y. The histopathological comparison on the destruction 

of the periodontal tissue between normal junctional epithelium and long 

junctional epithelium. J Periodont Res. 2017; 52: 74– 82.  

19. Han MX, Ding C, Kyung HM. Genetic polymorphisms in pattern recognition 

receptors and risk of periodontitis: Evidence based on 12,793 subjects. Hum 

Immunol. 2015;76(7):496-504.  

20. Song B, Zhang YL, Chen LJ, Zhou T, Huang WK, Zhou X, et al. The role of 

Toll-like receptors in periodontitis. Oral Dis. 2017;23(2):168-180.  

21. Papapanou PN, Sanz M, Buduneli N, Dietrich T, Feres M, Fine DH, et al. 

Periodontitis: Consensus report of workgroup 2 of the 2017 world workshop 

on the classification of periodontal and peri-implant diseases and conditions. 

J Periodontol. 2018;89(Suppl. 1):S173-S182.  

22. Kornman KS, Page RC, Tonetti MS. The host response to the microbial 

challenge in periodontitis: Assembling the players. Periodontol 2000. 

1997;14(1):33-53.  

23. Cavalla F, Araujo-Pires AC, Biguetti CC, Garlet GP. Cytokine networks 

regulating inflammation and immune defense in the oral cavity. Curr Oral 

Health Rep. 2014;1(2):104-113.  

24. Zhou LN, Bi CS, Gao LN, An Y, Chen F, Chen FM. Macrophage polarization 

in human gingival tissue in response to periodontal disease. Oral Dis. 2019; 

25:265-273.  

25. Mosser DM, Edwards JP. Exploring the full spectrum of macrophage 

activation. Nat Rev Immunol. 2008;8:958-969.  

26. Italiani P, Boraschi D. From Monocytes to M1/M2 Macrophages: Phenotypical 

vs. Functional Differentiation. Front Immunol. 2014;5:514. 

27. Lam RS, O’Brien-Simpson NM, Lenzo JC, Holden JA, Brammar GC, Walsh 

KA, et al. Macrophage depletion abates Porphyromonas gingivalis-induced 

alveolar bone resorption in mice. J Immunol. 2014;193(5):2349-2362.  

28. Dutzan N, Gamonal J, Silva A, Sanz M, Vernal R. Over-expression of 

forkhead box P3 and its association with receptor activator of nuclear factor-

kappa B ligand, interleukin (IL)-17, IL-10 and transforming growth factor-beta 

during the progression of chronic periodontitis. J Clin Periodontol. 

2009;36(5):396-403.  

29. Belibasakis GN, Bostanci N. The RANKL-OPG system in clinical 

periodontology. J Clin Periodontol. 2012;39(3):239-248.  



52 
 

30. Menezes R, Garlet TP, Letra A, Bramante CM, Campanelli AP, Figueira Rde 

C, et al. Differential patterns of receptor activator of nuclear factor kappa B 

ligand/osteoprotegerin expression in human periapical granulomas: Possible 

association with progressive or stable nature of the lesions. J Endod. 

2008;34(8):932-938.  

31. Cardoso CR, Garlet GP, Crippa GE, Rosa AL, Júnior WM, Rossi MA, et al. 

Evidence of the presence of T helper type 17 cells in chronic lesions of 

human periodontal disease. Oral Microbiol Immunol. 2009;24(1):1-6.  

32. Preshaw PM, Taylor JJ. How has research into cytokine interactions and their 

role in driving immune responses impacted our understanding of periodontitis? 

J Clin Periodontol. 2011;38(Suppl. 11):60-84.  

33. Harvey CE. Management of periodontal disease: understanding the options. 

Vet Clin North Am Small Anim Prac. 2005;35(4):819-836 

34. Graziani F, Karapetsa D, Alonso B, Herrera D. Nonsurgical and surgical 

treatment of periodontitis: how many options for one disease? Periodontol 

2000. 2017;75:152-188.  

35. Harper DS, Robinson PJ. Correlation of histometric, microbial, and clinical 

indicators of periodontal disease status before and after root planing. J Clin 

Periodontol. 1987;14(4):190-6. 

36. Barca E., Cifcibasi E., Cintan S. Adjunctive use of antibiotics in periodontal 

therapy. J Istanb Univ Fac Dent. 2015;49:55-62.  

37. Haffajee AD, Cugini MA, Dibart S, Smith C, Kent RL Jr, Socransky SS. The 

effect of SRP on the clinical and microbiological parameters of periodontal 

diseases. J Clin Periodontol. 1997;24:324–34. 

38. Yilmaz S, Efeoglu E, Noyan U, Kuru B, Kilic AR, Kuru L. The evolution of 

clinical periodontal therapy. J Marmara Univ Dent Fac. 1994;2(1):414-423. 

39. Oswald J, Boxberger S, Jørgensen B, et al. Mesenchymal stem cells can be 

differentiated into endothelial cells in vitro. Stem Cells. 2004;22(3):377-384. 

40. Bianco P, Robey PG, Simmons PJ. Mesenchymal stem cells: revisiting 

history, concepts, and assays. Cell Stem Cell. 2008;2(4):313-319. 

41. Wang S, Qu X, Zhao R, et al. Clinical applications of mesenchymal stem cells. 

J Hematol Oncol. 2012;5(1):19. 

42. Kawaguchi H, Hirachi A, Hasegawa N, et al. Enhancement of periodontal 

tissue regeneration by transplantation of bone marrow mesenchymal stem 

cells. J Periodontol. 2004;75:1281-1287. 

43. Yamada Y, Ueda M, Hibi H, Baba S. A novel approach to periodontal tissue 

regeneration with mesenchymal stem cells and platelet-rich plasma using 

tissue engineering technology: a clinical case rep port. Int J Periodontics 

Restorative Dent. 2006;26:363-369. 

44. Nasef A, Fouillard L, El‐Taguri A, Lopez M. Human bone marrow‐derived 

mesenchymal stem cells. Libyan J Med. 2007;2(4): 190-201.  

45. Ullah I, Subbarao RB and Rho GJ. Human mesenchymal stem cells - current 

trends and future perspective. Biosci Rep. 2015;35(2). 



53 
 

46. Wei X, Yang X, Han ZP, Qu FF, Shao L and Shi YF. Mesenchymal stem cells: 

a new trend for cell therapy. Acta Pharmacol Sin. 2013;34(6):747-54. 

47. Salem HK and Thiemermann C. Mesenchymal stromal cells: current 

understanding and clinical status. Stem Cells. 2010;28(3):585-96. 

48. Han J, Menicanin D, Gronthos S, Bartold PM. Stem cells, tissue engineering 

and periodontal regeneration. Aust Dent J. 2014;59(Suppl 1):117-130. 

49. Stanko P, Altanerova U, Jakubechova J, Repiska V, Altaner C. Dental 

Mesenchymal Stem/Stromal Cells and Their Exosomes. Stem Cells Int. 

2018;2018.  

50. Cooper LF, Ravindran S, Huang CC, Kang M. A Role for Exosomes in 

Craniofacial Tissue Engineering and Regeneration. Front Physiol. 2020;10. 

51. Neviani P, Fabbri M. Exosomic microRNAs in the tumor microenvironment. 

Front Med. 2015;2:47-53.  

52. Vakhshiteh F, Atyabi F, Ostad SN. Mesenchymal stem cell exosomes: a two-

edged sword in cancer therapy. Int J Nanomedicine. 2019;14:2847-2859.     

53. Zhang X, Yuan X, Shi H, Wu L, Qian H, Xu W. Exosomes in cancer: small 

particle, big player. J Hematol Oncol. 2015;8(1):83–96.  

54. Schorey JS, Cheng Y, Singh PP, Smith VL. Exosomes and other extracellular 

vesicles in host–pathogen interactions. EMBO Rep. 2015;16(1):24-43.  

55. Kowal J, Tkach M, Thery C. Biogenesis and secretion of exosomes. Curr 

Opin Cell Biol. 2014;29:116-125.  

56. Villarroya-Beltri C, Baixauli F, Gutierrez-Vazquez C, Sanchez-Madrid F, 

Mittelbrunn M. Sorting it out: regulation of exosome loading. Semin Cancer 

Biol. 2014;28:3-13.  

57. Frydrychowicz M, Kolecka-Bednarczyk A, Madejczyk M, Yasar S, Dworacki G. 

Exosomes-structure, biogenesis and biological role in non-small-cell lung 

cancer. Scand J Immunol. 2015;81(1):2-10.  

58. Kalluri R. The biology and function of exosomes in cancer. J Clin Investig. 

2016;126:1208–1215.  

59. Ge M, Ke R, Cai T, Yang J, Mu X. Identification and proteomic analysis of 

osteoblast-derived exosomes. Biochem Biophys Res Commun. 2015;467:27-

32.  

60. Villarroya-Beltri C, Gutierrez-Vazquez C, Sanchez-Cabo F, Perez-Hernandez 

D, Vazquez J, Martin-Cofreces N, et al. Sumoylated hnrnpa2b1 controls the 

sorting of mirnas into exosomes through binding to specific motifs. Nat 

Commun. 2013;4:2980.  

61. Conigliaro A, Fontana S, Raimondo S, Alessandro R. Exosomes: 

nanocarriers of biological messages. Adv Exp Med Biol. 2017;998:23-43.  

62. Raposo G, Nijman HW, Stoorvogel W, Liejendekker R, Harding CV, Melief CJ, 

et al. B lymphocytes secrete antigen-presenting vesicles. J Exp Med. 

1996;183:1161–1172. 



54 
 

63. Zitvogel L, Regnault A, Lozier A, Wolfers J, Flament C, Tenza D, et al. 

Eradication of established murine tumors using a novel cell-free vaccine: 

dendritic cell-derived exosomes. Nat Med. 1998;4:594-600. 

64. Raposo G, Stoorvogel W. Extracellular vesicles: exosomes, microvesicles, 

and friends. J Cell Biol. 2013;200:373-383.  

65. Tomasoni S, Longaretti L, Rota C, Morigi M, Conti S, Gotti E, et al. Transfer 

of growth factor receptor mrna via exosomes unravels the regenerative effect 

of mesenchymal stem cells. Stem Cells Dev. 2013;22:772-780.  

66. Bruno S, Grange C, Deregibus MC, Calogero RA, Saviozzi S, Collino F, et al. 

Mesenchymal stem cell-derived microvesicles protect against acute tubular 

injury. J Am Soc Nephrol. 2009;20:1053-1067.  

67. Phinney DG, Pittenger MF. Concise Review: MSC-Derived Exosomes for 

Cell-Free Therapy. Stem Cells. 2017;35:851-858.  

68. Bruno S, Grange C, Deregibus MC, Calogero RA, Saviozzi S, Collino F, et al. 

Mesenchymal stem cell-derived microvesicles protect against acute tubular 

injury. J Am Soc Nephrol. 2009;20:1053-1067. 

69. Mead B, Tomarev S. Bone marrow-derived mesenchymal stem cells-derived 

exosomes promote survival of retinal ganglion cells through mirna-dependent 

mechanisms. Stem Cells Transl Med. 2017;6:1273-1285.  

70. Yamaguchi T, Izumi Y, Nakamura Y, Yamazaki T, Shiota M, Sano S, et al. 

Repeated remote ischemic conditioning attenuates left ventricular remodeling 

via exosome-mediated intercellular communication on chronic heart failure 

after myocardial infarction. Int J Cardiol. 2015;178:239-246.  

71. Lee C, Mitsialis SA, Aslam M, Vitali SH, Vergadi E, Konstantinou G, et al. 

Exosomes mediate the cytoprotective action of mesenchymal stromal cells on 

hypoxia-induced pulmonary hypertension. Circulation. 2012;126:2601-2611.  

72. Hao ZC, Lu J, Wang SZ, Wu H, Zhang YT, Xu SG. Stem cell-derived 

exosomes: A promising strategy for fracture healing. Cell Prolif. 2017;50(5):1-

10.  

73. Yang J, Zhu W, Lu J, Xie K, Fang S, Kan L. Potential Therapeutic 

Applications of Exosomes in Bone Regenerative Medicine. In: Yang H, editor. 

Osteogenesis and Bone Regeneration. IntechOpen; 2018. Accessed April 7, 

2020.  

74. Zuo R, Liu M, Wang Y, et al. BM-MSC-derived exosomes alleviate radiation-

induced bone loss by restoring the function of recipient BM-MSCs and 

activating Wnt/β-catenin signaling. Stem Cell Res Ther. 2019;10(30).  

75. Furuta T, Miyaki S, Ishitobi H, Ogura T, Kato Y, Kamei N, et al. Mesenchymal 

stem cell-derived exosomes promote fracture healing in a mouse model. 

Stem Cells Transl Med. 2016;5:1620-1630.  

76. Xu JF, Yang GH, Pan XH, Zhang SJ, Zhao C, Qiu BS, et al. Altered 

microRNA expression profile in exosomes during osteogenic differentiation of 

human bone marrow-derived mesenchymal stem cells. PLoS One. 

2014;9:e114627.  



55 
 

77. Qin Y, Wang L, Gao Z, Chen G, Zhang C. Bone marrow stromal/stem cell-

derived extracellular vesicles regulate osteoblast activity and differentiation in 

vitro and promote bone regeneration in vivo. Sci Rep. 2016;50(5):1-10.  

78. Wang X, Omar O, Vazirisani F, Thomsen P, Ekström K. Mesenchymal stem 

cell-derived exosomes have altered microRNA profiles and induce osteogenic 

differentiation depending on the stage of differentiation. PLoS One. 

2018;13:e193059.  

79. Wang K, Xu L, Rui Y, Huang S, Lin S, Xiong J, et al. The effects of secretion 

factors from umbilical cord derived mesenchymal stem cells on osteogenic 

differentiation of mesenchymal stem cells. PLoS One. 2015;10:e120593.  

80. Shabbir A, Cox A, Rodriguez-Menocal L, Salgado M, Badiavas EV. 

Mesenchymal stem cell exosomes induce proliferation and migration of 

normal and chronic wound fibroblasts, and enhance angiogenesis in vitro. 

Stem Cells Dev. 2015;24:1635-1647.  

81. McBride JD, Rodriguez-Menocal L, Guzman W, Candanedo A, Garcia-

Contreras M, Badiavas EV. Bone marrow mesenchymal stem cell-derived 

CD63(+) exosomes transport Wnt3a exteriorly and enhance dermal fibroblast 

proliferation, migration, and angiogenesis In vitro. Stem Cells Dev. 

2017;26:1384-1398.  

82. Narayanan R, Huang C, Ravindran S. Hijacking the cellular mail: Exosome 

mediated differentiation of mesenchymal stem cells. Stem Cells Int. 

2016;2016:1-11.  

83. Zhao L, Jiang S, Hantash BM. Transforming growth factor beta1 induces 

osteogenic differentiation of murine bone marrow stromal cells. Tissue Eng 

Part A. 2010;16:725-733.  

84. Lamplot JD, Qin J, Nan G, Wang J, Liu X, Yin L, et al. BMP9 signaling in stem 

cell differentiation and osteogenesis. Am J Stem Cells. 2013;2:1-21 

85. Minardi S, Pandolfi L, Taraballi F, Wang X, De Rosa E, Mills ZD, et al. 

Enhancing vascularization through the controlled release of platelet-derived 

growth factor-BB. ACS Appl Mater Interfaces. 2017;9:14566-14575.  

86. Muraoka R, Nakano K, Tsujigiwa H, Nagatsuka H, Matsuda H, Tomida M, 

Okafuji N, Yamada K, Kawakami T. Involvement of Heat-Shock Proteins 

During Periodontal Ligament Remodeling. In: Manakil J, editor. 

Periodontology and Dental Implantology. IntechOpen; 2018. Accessed April 7, 

2020. 

87. Abe T, Hajishengallis G. Optimization of the ligature-induced periodontitis 

model in mice. J Immunol Methods. 2013;394(1-2): 49–54.  

88. Cosenza S, Ruiz M, Toupet K, Jorgensen C, Noël D. Mesenchymal stem cells 

derived exosomes and microparticles protect cartilage and bone from 

degradation in osteoarthritis. Sci Rep. 2017;7(1):16214.  

89. Zhang S, Chu WC, Lai RC, Lim SK, Hui JHP, Toh WS. Exosomes derived 

from human embryonic mesenchymal stem cells promote osteochondral 

regeneration. Osteoarthritis Cartilage. 2016;24(12):2135–2140.  



56 
 

90. Ren L, Song ZJ, Cai QW, et al. Adipose mesenchymal stem cell-derived 

exosomes ameliorate hypoxia/serum deprivation-induced osteocyte apoptosis 

and osteocyte-mediated osteoclastogenesis in vitro. Biochem Biophys Res 

Commun. 2019;508(1):138–144.  

91. Muñoz-Carrillo JL, Hernández-Reyes VE, García-Huerta OE, Chávez-

Ruvalcaba F, Chávez-Ruvalcaba MI, Chávez-Ruvalcaba KM, Díaz-Alfaro L. 

Pathogenesis of Periodontal Disease. In: Yussif NMA, editor. Periodontal 

Disease - Diagnostic and Adjunctive Non-surgical Considerations. 

IntechOpen; 2019. Accessed April 7, 2020.  

92. Yajima-Himuro S, Oshima M, Yamamoto G, et al. The junctional epithelium 

originates from the odontogenic epithelium of an erupted tooth. Sci Rep. 

2015;4:4867.  

93. Levy BM, Taylor AC, Bernick S. Relationship between epithelium and 

connective tissue in gingival inflammation. J Dent Res. 1969;48:625-629.  

94. Chen YC, Liu CM, Jeng JH, Ku CC. Association of pocket epithelial cell 

proliferation in periodontitis with TLR9 expression and inflammatory response. 

J Formos Med Assoc. 2014;113:549–556 

95. Gemmell E, Yamazaki K, Seymour GJ. Destructive periodontitis lesions are 

determined by the nature of the lymphocytic respone. Crit Rev Oral Biol Med. 

2002;13:17-34. 

96. Bian S, Zhang L, Duan L, Wang X, Min Y, Yu H. Extracellular vesicles derived 

from human bone marrow mesenchymal stem cells promote angiogenesis in 

a rat myocardial infarction model. J Mol Med. 2014;92:387–97 

97. Sun Q, Zhang Y, Yang G, Chen X, Zhang Y, Cao G, Wang J, Sun Y, Zhang P, 

Fan M, Shao N, Yang X. Transforming growth factor-beta-regulated miR-24 

promotes skeletal muscle differentiation. Nucleic Acids Res. 2008;36:2690-99 

98. Chew JRJ, Chuah SJ, Teo KYW, Zhan S, Lai RC, Fu JH, Lim LP, Lim SK, 

Toh YS. Mesenchymal stem cell exosomes enhance periodontal ligament cell 

functions and promote periodontal regeneration. Acta Biomater. 2019;89:252-

264 

99. Taut AD, Jin Q, Chung JH, Galindo-Moreno P, Yi ES, Sugai JV, et al. 

Sclerostin antibody stimulates bone regeneration after experimental 

periodontitis. J Bone Miner Res. 2013;28:2347–2356.  

100. Viniegra A, Goldberg H, Cil C, Fine N, Sheikh Z, Galli M, et al. . Resolving 

macrophages counter osteolysis by anabolic actions on bone cells. J Dent 

Res. (2018) 97:1160–9.  

101. Groelz D, et al. Non-formalin fixative versus formalin-fixed tissue: a 

comparison of histology and RNA quality. Exp Mol Pathol. 2013;94:188–94. 

102. Kashofer K, Viertler C, Pichler M, Zatloukal K. Quality control of rna 

preservation and extraction from paraffin-embedded tissue: Implications for rt-

pcr and microarray analysis. PLoS One. 2013;8:e70714. 

 



57 
 

SUPPLEMENTARY DATA 

      Supplementary Table 1.  Primers used for RT-qPCR detection in this study 

  Gene Forward Primer (5'->3') Reverse Primer  (5'->3') Product Length Tm (C) 

Housekeeping Gene GAPDH AGTGCCAGCCTCGTCTCATA GGTAACCAGGCGTCCGATAC 77 60 

  Actin-b CGCGAGTACAACCTTCTTGC CGTCATCCATGGCGAACTGG 70 60 

  Hprt1 TCCTCCTCAGACCGCTTTTC ATCACTAATCACGACGCTGGG 78 60 

M1: pro-inflammatory IL1b TAGCAGCTTTCGACAGTGAGG TCTGGACAGCCCAAGTCAAG 100 60 

  IL6 CATTCTGTCTCGAGCCCACC GCTGGAAGTCTCTTGCGGAG 91 60.5 

  TNFa ATGGGCTCCCTCTCATCAGT TGGTTTGCTACGACGTGGG 100 60 

  IL23 AAAAGTGACGTGCCCCGTAT TGCAAACAGAACTGGCTGTTG 80 60 

  IL12b GAGGCCCAGCAGCAGAATAA GGTGGGTCCGGTTTGATGAT 77 59 

  IL12a GCCTGCTTACCACTGGAACT GCAGGCAGCTCCCTCTTATT 85 59 

  IL17a GGAGAATTCCATCCATGTGCC ATGAGTACCGCTGCCTTCAC 76 60 

  IL17b CACACAGCCTGCTCTTCCTT GCCCCTTCCTTTTGCCTTTG 84 60 

  IL17c ACTGCCACTGTGATGTGTCT AATGGGGGATCTTGGTGGGT 71 60 

  IL17d CCCCACCTCCTAACAAGTCTG GAGGGCATCCAGACCAGTGTC 70 60 

  IL17f TTCTATTGCGTGACCCGGAG GGAGCCCTTCATGCTGGATT 87 60 

M2: inflammation resolution IL10 TGCGACGCTGTCATCGATTT AGACACCTTTGTCTTGGAGCTT 96 60 

  TGFb1 CTGCTGACCCCCACTGATAC AGCCCTGTATTCCGTCTCCT 94 60 

  ARG1 ACAAGACAGGGCTACTTTCAGG TGCCGTGTTCACAGTACGAG 95 60 

  MRC1 TCAACTCTTGGACTCACGGC GAACGGAGATGGCGCTTAGA 83 59 

  IL1ra TCCTTCTCATCCTTCTGTTTCGT CCCAGATTCTGAAGGCTTGC 87 59 

  IL4 AACAAGGAACACCACGGAGA TGTTCTTCAAGCACGGAGGT 98 59 

  IL13 GATCCACATCTCCCCCTGTG GGGAAGTCTTCTGGTCTTGTGT 78 59 

 
TGM2 GTTCCTGAAGGACCGTAGCC CATTGCAGTTGACCATGCCG 89 60 

  Anxa1 GGAAGACAAGGCAATACAAAGATAC ACATATTCCTGCTCTTGCTTTTCA 100 58 

  Tnfaip3/A20 TGCTACGACACTCGGAACTG GTACTGAAGTCCACTCCGGG 93 59 

  ALOX15 GGTTGGTTGGACAGCATGGA AATTCTGCTTCCGAGTCCCG 73 60 

  ALOX15B GACCGTGAAAGACTTGGACCT TCAGCTCTGTAAACGCAGACT 92 59 

  ALOX5 GGCGGTCGCGACTCCTAT GCCTGTATTTGCGCTTCTCG 85 60 

  Edil3/Del1 CTGTCAGGATTGGCGGATGA TCTGATGCAACCTCCACAACA 92 59 

  Ptgs2/Cox2 TCCCATGGGTGTGAAAGGAAA CTTGGGGATCCGGGATGAAC 95 60 

Osteoclast Differentiation Tnfsf11/RANKL GAGCGCAGATGGATCCTAACA GTCGAGTCCTGCAAACCTGT 97 60 

  Tnfrsf11b/OPG AGAGAAGCACCTAGCACTGG GTCCAAGAACACCAGGAGTG 99 59 

BET BRD2 GTGACTCCCCACAAGCTCC ATCCTTTTCCCTGGTGCTGC 83 60 

  BRD3 CTAGCGTCTCAGAGTGCCT TCTCAATCTTGTCCCAGGGC 82 58 

  BRD4 CTAGCGTCTCAGAGTGCCT TCTCAATCTTGTCCCAGGGC 82 59 
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