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I. INTRODUCTION 

A. Statement of the Problem 

Historically, due to the lack of technology and understanding of specific cellular 

processes, efforts at achieving health in the diseased periodontium have been aimed at 

repairing the attachment apparatus rather than regenerating it. However, regeneration of 

the periodontium that has been lost due to periodontal disease is a central goal of 

periodontal treatment. This goal requires the formation of new cementum, deposition of 

new bone, insertion and functional orientation of new connective fibers into both the new 

alveolar bone and cementum. Three major obstacles exist in attempts at regeneration and 

these include 1) formation of a new connective tissue (CT) attachment to an avascular 

root surface, 2) initiation of osteogenesis and 3) the apical migration of gingival 

epithelium. 1 

Several methods have been utilized in an attempt to foster regeneration. Guided 

tissue regeneration (GTR) attempts to deter epithelial downgrowth along the root surface 

and create space over the periodontal defect thereby allowing cells of the periodontal 

ligament (PDL), bone and cementum to preferentially proliferate and migrate to the site 

of the defect. Conditioning of the root surfaces, as well as the use of polypeptide growth 

factors, 2
'
3 have also been employed for regeneration. In addition; many types of bone 
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grafting materials have been utilized in an attempt to restore lost attachment apparatus. 

Although these procedures work to some extent, they act only as a scaffold for vascular 

ingrowth and subsequent bone growth. Growth factors have been successful in the 

regenerative process but only if progenitor cells are present at, or near, the site of damage 

(defect). 4 

The Bone Morphogenetic Proteins (BMP's), particularly BMP-2, induce formation of 

cartilage and bone both in vivo and in vitro. Because of this action, BMP-2 may have 

tremendous therapeutic potential in regenerative procedures. However, it remains 

unclear if there is a particular sequence of exposure to the BMPs and ifthere is a specific 

sequence or temporal pattern of exposure that is critical to wound healing and periodontal 

regeneration. There is controversy regarding the presence of various human gingival 

fibroblasts (HGF) phenotypes, some of which may have the ability to express the 

osteoblastic phenotype. This study was designed to test the hypothesis that rhBMP-2 can 

induce the differentiation ofHGFs into an osteoblastic phenotype. If this hypothesis is 

proven then cells of the gingiva could participate in the formation of bone tissue under 

the right stimulatory conditions. In addition, the stimulatory effects of rhBMP-2 on 

osteoblasts, in vitro, may provide information regarding the amount ofrhBMP-2 that may 

be utilized in promoting periodontal regeneration, in vivo. 
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B. Review of Related Literature 

Regeneration of alveolar bone is an important part of periodontal regenerative therapy 

but the exact mechanisms of bone induction are not well understood. However, we do 

know that three phases of osteoinduction occur after implantation of a demineralized 

freeze dried bone allograft (DFDBA). These include chemotaxis, mitogenesis and 

differentiation.4
'
5 Chemotaxis attracts polymorphonuclear leukocytes (PMN's) into the 

grafted area; fibroblast-like mesenchymal cells follow and cell attachment to the matrix 

occurs. Mitogenesis results in pniliferation of mesenchymal cells by day 3 at the grafted 

site. An increase in Type I collagen mRNA occurs at the same time as cellular 

proliferation. Differentiation of mesenchymal cells into chondroblasts occurs by day 5 

and synthesis of "extracellular matrix components typical of cartilage" results. 6 By day 

9, vascular invasion has taken place and maturation of chondrocytes and mineralization 

occurs. Osteoblasts appear at days 10-12 and are responsible for forming new bone 

matrix while chqndrocytes are resorbing the calcified cartilage. Osteoclasts remodel the 

new bone from 12-18 days and selectively dissolve the graft matrix. By day 21, an 

ossicle of new bone is present, complete with new marrow. 5
•
7 

Several markers of the osteoblast phenotype have been reviewed in the literature. 

One notable marker is osteocalcin, also known as bone gamma-carboxylated glutamic 

acid protein and bone Gla protein. It is a Vitamin K dependent protein that binds 

calcium. It has a molecular weight of 5, 700 daltons and contains 3 glutamic acid 

residues. These residues allow specific conformational changes and promote binding of 

hydroxyapatite (HA) to the bone Gla protein with accumulation of osteocalcin in bone 
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matrix.8 Osteocalcin is produced primarily by osteoblasts and.it becomes incorporated 

into the extracellular matrix of bone. The newly synthesized protein may be released into 

the circulation. 9 

Production and secretion of osteocalcin appears to be regulated by 1 ,25-dihydroxy 

vitamin D3 [1,25(0H)2DJ]. The concentration of osteocalcin in human bone is 

approximately 0.05-0.10 ng/mg, 10 about 5% of that found in. other vertebrates. 11 Animal 

studies indicate that osteocalcin levels increase during bone cell synthesis rather than 

during bone turnover. Renal clearance is rapid and the biological half-life is extremely 

short (minut~s). 11 Osteocalcin has.a variety of physiologic functions including 

speaific binding of Ca2
+ ions and adsorption to hydroxyapatite. It is chemotactic for 

mo~ocytes and is a competitive inhibitor ofleukocyte elastase.12 Osteocalcin has been 

shown to suppress mineralization by inhibiting the formation of new HA crystals from 

the pre-existing matrix phase. 11 Osteocalcin-induced suppression ofHA 

crystallization depends on the concentration of osteocalcin; 1 1 however, the final 

amount ofHA.formed isn't affected by osteocalcin concentration. This' suggests that 

osteocalcin exerts its effects on the kinetics of mineral formation rather than the end

point of the mineral phase. 1 1 

Investigators, using animal models, have shown that osteocalcin accumulates in 

calcifying tissue.s only 1-2 weeks after the accumulation ofmineral10
, while the 

amino acid y-carboxyglutamic acid appears in parallel with mineralization. 11 This 

is thought to be related to the maturation of the initially deposited mineral to HA. 1 1 

In osteoblast-like cell culture models, as osteoblasts differentiate, they secrete various 

proteins in a specific temporal ~equence: ALP occurs early, in culture, while matrix 
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proteins such as osteocalcin appear with further osteoblast differentiation. Terminal 

differentiation corresponds to mineralized nodule formation. Because it is so tissue 

specific, serum osteocalcin levels are considered a good marker for osteoblastic activity 

and therefore, of bone formation. 

The primary function of the osteoblast is bone formation; therefore mineralization, in 

vivo and/or in vitro, is a very reliable method of characterizing a cell type as osteoblastic 

or osteoblast-like.13 A variety of in vivo techniques have been used to characterize cells 

and these include: I) inoculation of cells intramuscularly, 14 2) placing cells into diffusion 

chambers followed by intraperitoneal implantation, 15 and grafting of cell layers onto 

chorioallantoic membranes. 15 However, these in vivo techniques have not permitted 

controlled studies of the factors involved in bone formation and its regulation. On the 

other hand, mineralization, in vitro, has been successfully related to bone formation by 

several investigators and has led to the development of a reproducible protocol that can 

be used for the quantitation and analysis of factors associated with bone formation and 

metabolism.16
•
17 

The bone morphogenetic proteins (BMP's) have received widespread attention 
·, 

because of their unique properties, particularly as they relate to bone induction. Uris! is 

acknowledged as the pioneer in the isolation of BMP18 with his classic paper in 1965, 

that first described bone formation by autoinduction. Induction is defined as "an 

interaction between one inducing tissue and another responder tissue that results in the 

responding tissue undergoing a change in its direction of differentiation". 19 Thus, the 

BMPs (as the inducing substances) act upon an undifferentiated mesenchymal cell 

(responding substance) causing differentiation into a cell that is capable of forming bone. 
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The BMP's have major effects on the direction of this cell differentiation as well as 

acting as positional signals.19
'
21 Because of these two characteristics they are more 

readily categorized as morphogens. . Morpho gens do not rely on the presence of 

progenitor cells in the area of a defect; they induce disaggregation of mesenchymal cells 

with subsequent migration, proliferation and differentiation. 22 

The periodqntal ligament and exposed alveolar bone contain mesenchymal cells 

whiCh have the potential to differentiate into osteoblasts, cementoblasts or fibroblasts 

when stimulated by BMP.23 In addition, periodontal ligament cells have the ability to 

synthesize and secrete extracellular proteins such as BMP and fibronectin which are 

sec~eted by other cells as well. 24 These ·proteins play important roles in cellular 

proliferation and differentiation of periodontal ligament cells and hence are critical in the 

regeneration of periodontal tissues. BMP-2 is mitogenic and enhances the expression of 

the differentiated phenotypic m~kers of both cho~droblasts and osteoblasts.25 In 

addition, it has been shown that certain phenotypes of human gingival fibroblasts (HGFs) 

have been stimulated to produce osteocalcin after stimulation with 1,25(0H)zD3.
26 

The isolation and purification of the BMPs has been accomplished by several 

investigators.Z7
-
29 Wang 30 pioneered the work which led to the subsequent identification 

and isolation of recombinant clones of BMP. Further isolation and characterization have 

led to the identification of 15 BMP's.31
•
32 Eight of these BMPs (BMP-2 through BMP-8) 

are related and belong to the TGF-~ superfamily on the basis of amino acid sequencing.6 

The BMPs occur as dimeric, glycosylated proteins with a molecular weight of 30 kD. 

Monomeric forms of 16, 18 and 30 kD have been identified after reduction.33 
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BMPs are derived from polypeptide chains with a range of 396 to 513 amino acids.6 

The amino acid conservation in the C-terminal of the precursor peptide, as well as a 

series of 7 conserved cysteine residues, characterize this superfamily. BMP-8 is the 

exception by virtue of containing an 81
h cysteine residue in this region.33 The mature 

active BMP molecule derives from the carboxy terminal portion of the precursor chain 

and is expected to present as a dimer form (as the other TGF-J3 superfamily members). 

BMP-2 through BMP-8 can be subdivided in 3 subgroups based on similarities in their 

amino acid sequences. One group consists of BMP-2 and BMP-4 with 92% homology. 

A second group is made up ofBMP- 5 through BMP-8 with 82% amino acid homology. 

BMP-3 comprises its own group. 25 BMP-9 has approximately 55% homology with 

BMP-2,4,5,6 & 7.33
'
34 

The BMP's are related to other proteins that are critical for differentiation and 

development of embryonic stages. The BMP's, like TGF-P, are expressed throughout 

embryonic development and into adulthood but are the only known molecules capable of 

forming bone at an ectopic site. BMP 2 - 8 are also· able to induce cartilage and bone 

formation. Some of the BMP's (BMP-2 and BMP-4) share approximately 75% 

homology with Drosophilia dpp protein and it has been suggested that BMP 2, BMP-4 

and ddp are the highly conserved derivatives of a gene present in a "common" 

lineage.35
•
36 BMP's have been identified in various systems and species37 with mRNAs 

for BMP-1, BMP-2 and BMP-4 being found in the lung, kidney, spleen and liver.37 

BMP-4 has also been detected in the developing tooth bud, odontoblastic layer, palatal 

shelves and other tissues. BMP-5, BMP-2 and BMP-4 have been strongly associated 

with certain developmental processes.38 Knockout of BMP-2 or BMP-4 will lead to 
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embryonic death whereas a deletion of BMP-5 results only in a mutation in the short ear 

mouse.27
•
35

,3
9

•
40 Thus the BMP's play varying roles that are both distinct and overlapping 

in the formation of hard a!ld soft tissue. BMP-1 is not a member of the TGF

~ superfamily and is not capable of inducing bone formation. It does have an amino acid 

sequence similar to epidermal growth factor (EGF) and may act synergistically with other 

BMP's. 39,40 

Repair and regeneration of diseased periodontal tissues is a highly integrated process 

involving cell-cell and cell-extracellular matrix interactions. The extracellular matrix 

acts as the "scaffold" for. the regeneration of the various tissue components.40
•
41 

Vascularization of the periodontal "wound" is critical for repair and regeneration and it 

has been shown that angiogenesis is correlated with chondrolysis and concomit~t 

osteogenesis.42
•
43 It appears that the combined action of the BMP's and a substratum of 

the extracellular matrix are necessary for optimal bone induction. Collagenous bone 

matrix acts as a local mitogen for CT cells and is a potent inducer of ornithine 

decarboxylase (which is an early marker of cell proliferation).44 Although it is not 

entirely clear what role collagen plays in osteoinduction, it may be that collagen binds 

BMP's and presents them to the responding mesenchymal cells in an immobilized form. 33 

It may also be that osteoinduction is initiated by BMP diffusion from the resorbing bone 

matrix;45 however, it is unclear if the geometry of the extracellular matrix is important in 

osteoinduction.5 It appears that the BMP's are responsible for the initial step in the 

differentiation of mesenchymal preprogenitor cells into chondrocytes and that bone 

derived growth factors and other processes are responsible for promoting and maintaining 

the subsequent osteogenic cascade.46
•
47 In experimental models, it has been shown that 
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increasing the amount of BMP-2 will affect the timing of bone deposition. 48 Significant 

bone formation was demonstrated about 5-6 days earlier than is normally seen. It was 

also observed that this increased BMP resulted in simultaneous cartilage and bone 

formation suggesting that BMP may affect 2 pathways of bone formation (direct 

pathway/intra- membranous bone as well as endochondral formation). Implantation of 

recombinant human rhBMP-2 alone induced formation of new bone suggesting that 

collagen isn't necessary for induction.48 

Several studies have demonstrated that the collagenous bone matrix provides an 

optimal matrix/ substratum for the recruitment and anchorage of progenitor cells with 

subsequent proliferation and differentiation into osteoblasts. Histological studies have 

demonstnited new attachment formation in humans after treatment with decalcified 

freeze-dried bone (DFDB).49
•
50 It has also been demonstrated that alveolar bone and the 

PDL supply the cells involved in periodontal regeneration. ··cells isolated from bone 

synthesize cementum-like and bone-like tissue in vitro.51
•
52 In addition, PDL cells 

express the osteoblastic phenotype. Stimulation with BMP-2 increased alkaline 

phosphatase production in these cells in vivo.52 These findings suggest that similar 

effects may be found with the various cell types within the periodontium. 

C. Hypothesis 

The hypothesis tested in this project was that stimulation of human intra-oral 

gingival fibroblasts and human osteosarcoma cell. line-derived osteoblasts with rhBMP-2, 

in vitro, will have an effect on the cellular production of a number of well established 

parameters that are indicative of bone formation. 
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D. Specific Aims 

The specific aims of this study include: 

' 1. To determine the dose response.of rhBMP-2 that stimulates an effect on minerali-

zation and osteocalcin in cultured human osteosarcoma cell line-derived 'osteoblasts as 

compared to non-stimulated (control) cells, in vitro. 

2. To determine the optimal time course ofrhBMP-2 exposure in cultured human 

osteosarcoma osteoblasts, in vitro. 

3. To determine if the optimal dose and exposure time ofrhBMP-2 stimulation identified 

for osteosarcoma cell line-derived osteoblasts will induce the expression of an 

osteoblastic phenotype in human gingival fibroblasts (HGFs) as demonstrated by the 

production of mineralization and osteocalcin, in vitro. 



II. RESEARCH MATERIALS AND METHODS 

ISOLATION AND PREPARATION OF HUMAN GINGIVAL FIBROBLASTS. 

Human gingival fibroblasts were isolated from gingival tissue obtained from surgical 

sites that involved ~emoval of healthy gingival tissue (crown lengthening, distal wedge). 

The gingival tissue was placed immediately into a sterile tube containing approximately 

5-10 ml of sterile Hank's balanced salt solution supplemented with penicillin G 

potassium (200 units/ml)/streptomycin sulfate (200 ug/ml), adjusted to a pH of 7.4 with 

7.5% sodium bicarbonate (HBSS-P/S). All preparations of gingival explants for culture 

dishes were conducted in a laminar flow tissue culture hood. The washed explants were e 

placed into a sterile dish, the epithelium dissected away, leaving only connective tissue 

and then minced into smaller pieces with a sterile scalpel blade. The smaller explant 

pieces were transferred to 35 x 1 0-mm culture dishes. Approximately 2-3 pieces were 

placed into each culture dish and allowed to air dry to enhance attachment of the explants 

to the surface of the culture dish. After attachment, Eagle's Modified Essential Media 

supplemented· with 10% heat-inactivated fetal bovine serum plus penicillin G potassium 

(100 units/mll streptomycin sulfate (100 ug/ml) (EMEM w/10% FBS & PIS) was added. 

The explants were incubated at 37° C in a 5% C02-95% air atmosphere for 5-7 days .. 

The cells were refed every two to three days until the cells were confluent. When the 

cells were confluent they were detached by trypsin treatment and transferred into 25 cm2 

II 
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tissue culture flasks. After completing the first detachment, the cells were defined as 

passage one. After reaching confluency in the 25 cm2 flasks, the cells were, once again, 

detached by trypsin treatment and transferred to 7 5 cm2 flasks and defined as passage 

two. 

When confluency was reached in the 75 cm2 flasks, the cells were prepared for 

cryostorage. The cells were detached with trypsin and centrifuged at 1000 rpm for 10 

minutes at room temperature into a pellet. The cells in the pellet were then resuspended 

with 2.0 ml EMEM w/ 45% FBS and 10% dimethyl sulfoxide (DMSO) solution. The 

cells were then transferred to 1.2 ml cryovials at a ratio of 2 cryovials per 75 cm2 flask 

and gradually frozen to -70 ° C. These cells, defined as passage three, were transferred 

to a liquid nitrogen vessel for long-term storage. All experimental cultures were 

established from pooled populations and utilized at no greater than passage 5. 

PREPARATION OF TRANSFORMED HUMAN OSTEOSARCOMA OSTEOBLAST

LIKECELLS. 

MG-63 cells were obtained through the American Type Culture Collection (ATCC) 

and are derived from an osteosarcoma from a 14 year old male. This cell line has been 

characterized for alklaline phoshphatase, osteocalcin, TGF- p and osteogenic specific 

protein-1 (OSP-1). The cell line was defined as passage 86 and contained approximately 

3.7 x 106 cells/ampule. 

Cells were seeded onto 75 cm2 tissue culture flasks and grown to confluency in 

Eagle's- Modified Essential Media with non-essential amino acids (made with Earl's 

buffered saline solution (BSS)) supplemented with 10% heat inactivated fetal bovine 
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serum (EMEM w/10% FBS). When confluency was reached, the cells were detached by 

trypsin treatment and used in experiments or prepared for cryostorage in the same manner 

as the human gingival fibroblasts. 

PREPARATION OF EXPERIMENTALrhBMP-2 SOLUTIONS. 

rhBMP-2 and anti-rhBMP-2 antibody were kindly be donated by Dr. Womey of 

Genetics Institute. rhBMP-2 experimental solutions were prepared in 1% FBS EMEM 

supplemented with 1,25 (OH)2 vitamin D3 according to Genetics Institute's 

recommendations. A log 10 scale of experimental solutions ranging from 0.1 ng/ml -

100 ng/ml was used in all experiments. 

DETRERMINA TION OF TEMPORAL SEQUENCE AND CELL 

CONCENTRATIONS. 

Various concentrations of non-stimulated MG63 cells were cultured and evaluated 

for both osteocalcin production and mineralization, in vitro, over a 25 day period. This 

allowed for determination of optimal cell concentrations and timing of rhBMP-2 dosing 

used in the experimental protocol. In addition, the effects of vitamin D3 in the growth 

media were evaluated. 

To determine peak synthesis of osteocalcin by non-stimulated MG63 cells, six-well 

plates were seeded, in duplicate, with 1, 5, 10 and 50 x 103 cells per well and grown at 

37° C in a 5% C02-95% air atmosphere. The cells were refed every 3 days with growth 
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media with and without vitamin D3• Aliquots of the cell supernants were removed, prior 

to refeeding, on days 3, 6, 9, 12, 15, 18 and 21 and stored at -70° until assayed for 

osteocalcin by EIA. 

To determine peak mineralization by non-stimulated MG63 cells, 1, 5, 10 and 20 x 

103 cells were seeded onto six, four-well slides and grown at 37° C in a 5% C02-95% air 

atmosphere. The cells were refed every 3 days with growth media with and without 

vitamin D3• Slides were fixed at days 9, 12, 15, 18, 21 and 24 with neutral buffered 

. formalin after removal of growth media and thorough washing with sterile PBS. The 

fixed cells were then stained by the Von Kossa method to determine mineralization, in 

culture. 

DETERMINATION OF OSTEOCALCIN ON CELL SUPERNATANTS. 

Osteocalcin production by non-stimulated MG63 cells, non-stimulated HGF's, 

rhBMP-2 stimulated MG63 cells and rhBMP-2 stimulated HGF's was determined on cell 

supernatants by an Enzyme Irnrnunosorbent Assay (J?IA) (Biomedical Technologies Inc., 

Stoughton, MA 020728). The experimental protocol used pooled MG-63 cells (4 

separate passages, all between passage-3-5) and pooled HGF's (derived from 1 female 

and 3 male donors with an age range of 35-68 years; none greater than passage 5). The 

cells were plated in duplicate at 20,000 cells/ well in 6 well plates with 10% FBS EMEM 

.supplemented with Vitamin D3• The cells were refed at 3 day intervals with this media. 

On the eight day in culture, the media was removed, cells washed three times in sterile 

phosphate buffered saline (PBS) and the cells placed in reduced FBS (1 %) EMEM 
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supplemented with Vitamin 0 3 for 24 hours. After 24 hours in reduced serum medium 

(day 9 in culture), the cells were washed three times with sterile PBS and stimulated with 

the various concentrations of rhBMP-2 (Experimental; 0.1 ng/ml, 1.0 ng/ml, 10.0 ng/ml, 

50.0 ng/ml or 100.0 ng/ml) or with the 1% FBS EMEM medium (Control; no rhBMP-2). 

The osteocalcin assay was performed on duplicate samples from the duplicate cultures. 

In the EIA for osteocalcin, cnly intact, human osteocalcin is recognized, requiring the full 

49 residue protein for detection. The sensit!vity of this particular assay has a lower limit 

of 0.5 ng/ml. A monoclonal antibody ·specific for intact human osteocalcin was coated 

onto the wells of a 96-well plate. Twenty-five microliters (ul) of buffer (blank), 

·standards, samples and controls were added to the appropriate wells. One hundred ul of 

biotinylated osteocalcin antibody was then added to all wells, the plate gently swirled to 

ensure mixing of reagents and the plate incubated at 37°C for 2 Y2 hours. During this 

incubation period, the osteocalcin in the standards, samples and controls binds to the 

immobilized antibody on one site, and to the solution phase biotinylated antibody on the 

second site. At the end of the incubation period, all wells were washed three times with 

300 ul PBS to remove excess, unbound antibody. One hundred ul of streptavidin

horseradish peroxidase solution was added to wells, the plate gently swirled and 

incubated at room temperature for thirty minutes. This solution bound to the biotinylated 

antibody complex. After this 30 minute incubation period, all wells were washed three 

times with PBS and 100 ul of peroxidase substrate/hydrogen peroxide solution was added 

to all wells and incubated at room temperature, in the dark, for 10 minutes. At the end of 

the incubation period,· 100 ul of sulfuric acid was added to all wells in order to stop the 

enzymatic reaction and the plate gently swirled. The optical density of each well was 
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read in a microplate reader (Molecular Devices Corp., Menlo Park, CA) at a wavelength 

of 450 nm. 

The standards included in the kit were reconstituted with 500 ul deionized water with 

a volumetric pipet and left standing for 5 mil).utes. Each standard vial was mixed end

over-end several times to insure complete dissolution. The standard concentrations were 

1.0, 5.0, 10.0, 25.0 and 50.0 ng/ml of osteocalcin and were run with each assay. A 

standard curve was generated and control and sample concentrations were extrapolated 

from the standard curve and expressed as ng osteocalcinlml solution. 

DETERMINATION OF MINERALIZATION. IN CULTURE. 

The presence of mineralized extracellular matrix was determined, in vitro, using the 

Von Kassa method on both stimulated (Experimental) and non-stimulated (Control) cells. 

Pooled MG-63 cells and pooled HGF's were seeded onto 4 well slides in quadruplicate at 

a concentration of 10,000 cells/well and fed with 10% FBS EMEM supplemented with 

vitamin D3• The media was replaced every 3'd day. On the 171
h day iii culture, the media 

was removed, cells rinsed three times with sterile PBS and the cells were placed in 

reduced FBS (1 %) EMEM supplemented with vitamin D3. After 24 hours in reduced 

serum medium, the cells were washed three times with sterile PBS and stimulated with 

various concentrations ofrhBMP-2 (Experimental; 0.1 ng/ml, 1.0 ng/ml, 10.0 ng/ml, 50.0 

ng/ml or 100 ng/ml) or refed with the 1% FBS EMEM medium (Control; no rhBMP-2). 

The cells were left in the dosing/control media for 72 hours, the media removed and cells 

rinsed 3 times with sterile PBS and immediately fixed in neutral buffered formalin 
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(NBS). The cells were then stained by the Von Kos.sa technique and nodule formation 

was quantitated (pixel density) using a computerized image analysis package (Scion 

Image). Mineralization was determined on duplicate wells of duplicate slides. 

DATA ANALYSIS. 

The osteocalcin concentration for each sample was extr!lpolated from standard 

curves. Results were reported as ng/ml osteocalcin. Mineralization was quantitated by 

averaging the number of pixels/density slice(s) via the Scion Image Program. Data from 

treated (experimental) cells versus non-treated (control) cells were compared by analysis 

of variance (ANOV A) and a post-hoc Tukey analysis was performed in order to test for 

significance (p<O.OS) between treated and control groups. Differences between MG63 

cells and HGFs for both osteocalcin production and mineralization were compared by 

ANOV A and a statistically significant difference was established at p<0.05. 



III. RESULTS 

A. OSTEOCALCIN SYNTHESIS 

1. Osteocalcin synthesis by MG63 cells; effects ofrhBMP-2 stimulation on osteocalcin 

synthesis. 

Experiments were designed to investigate the effects of exposing MG63 cells to 

varying concentrations ofrhBMP-2 over 3 pre-determined time points. Non-stimulated 

control MG63 cells synthesized osteocalcin, de novo, by day 9 in culture (mean of 4 

replicates= 3.27 ng/ml). Control cells produced statistically significantly (p<0.05) 

greater amounts of osteocalcin compared to the rhBMP,2 stimulated cells at 24, 48 and 

72 hours (figure!). There was a significant increase in osteocalcin synthesis by control 

cells over the 3 day experimental period (figure 1; mean of 3.5 ng/ml at 24 hours 

increasing to mean of 5.96 ng/ml at 72 hours). Exposure to rhBMP-2 resulted in a fairly 

steady decline in osteocalcin synthesis at all time points evaluated and values never 

approached those observed in control cells (figure 1). The decline in osteocalcin 

synthesis observed in the experimental cells was dose dependent but not significantly 

affected by duration of stimulation. It was noted that at lower doses ofrhBMP-2, 

osteocalcin synthesis was increased by 72 hours (figure 3; mean of2.99 ng/ml@ 0.1 

· ng/ml rhBMP-2 and mean of 2.13 ng/ml@ 1.0 ng/ml rhBMP-2). No detectable levels of 

18 



Figure 1. MG63 rhBMP-2 time/dose response. 

Time dependent effects ofrhBMP-2 on osteocalcin synthesis in MG63 cells. Cells were 

treated with various concentrations of rhBMP-2 over 3 experimental time points (24, 48 

and 72 hours). Values are the means ±standard deviations of 2 separate experiments, 

each conducted in duplicate. *p<0.05 versus untreated control; **p<0.05significant 

difference among time points at each dose. 
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osteocalcin were noted when these cells were stimulated with the highest doses of 

rhBMP-2 (50/100 ng/ml) and this was uniform over the 3 experimental time points 

(figure!). 

2. Osteocalcin synthesis by HGF's; effects ofrhBMP-2 stimulation on osteocalcin 

synthesis. 

20 

Experiments were designed to investigate the effects of stimulating HGF's with 

varying concentrations ofrhBMP-2 over 3 pre-determined time points. Control HGF's 

synthesized a small amount of osteocalcin, de novo, by day 9 in culture (mean of 0.175 

ng/ml) and continued to do so during the 72 hour experimental period. The peak value · 

for the control cells was observed by 48 hours (figure 2; mean of 0.246 ng/ml). The 

rhBMP-2 exposed cells synthesized statistically significantly (p<0.05) greater, albeit 

small, levels of osteocalcin compared to the non-stimulated cells (figure 2). The greatest 

osteocalcin level was noted at 24 hours when HGF's were stimulated with O.lng/ml 

rhBMP-2 (figure 2; mean of 1.844 ng/ml). This value was statistically significantly 

greater than that seen with any other dose ofrhBMP-2 and was approximately 8-fold 

when compared to the control values (figure 2). 

Osteocalcin levels were statistically significantly greater at both 48 and 72 hours 

when compared to non-treated control values at the same time points when the HGF's 

were stimulated with 0.1 ng/ml rhBMP-2 (figure 2; mean of0.86 ng/ml vs. 0.25 ng/ml 

and mean of 1.0 ng/ml vs. 0.1 ng/ml, respectively) and 1.0 ng/ml rhBMP-2 (figure 2; 

mean of 1.19 ng/ml vs. 0.25 ng/ml and mean of 1.25 ng/ml vs. 0.1 ng/ml, respectively); 



Figure 2. HGF rhBMP-2 time/dose response. 

Time dependent effects ofrhBMP-2 on osteocalcin synthesis in HGFs. Cells were 

treated with various concentrations of rhBMP-2 over 3 experimental time points (24, 48 

and 72 hours). Values are the means ±standard deviations of 2 separate experiments, 

each conducted in duplicate. *p<0.05 versus untreated control; **p<0.05 significant 

difference among tim·e points at each dose. 
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however, these values were not as great as the 24 hour value for either rhBMP-2 dqs.e. 

Osteocalcin levels were also significantly greater than control levels at both 24 and 48 

hours when the cells were stimulated with 10 ng/ml rhBMP-2 (figure 2; mean of0.65 

ng/ml vs. 0.183 ng/ml and mean of0.54 ng/ml vs. 0.25 ng/ml, respectively). As 

with the MG63 cells, stimulation with the highest doses ofrhBMP-2 resulted in 

negligible; if any, osteocalcin synthesis (figure 2). 
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3. Comparison of osteocalcin svllthesis by HGF's and MG63 cells; effects ofrhBMP-2 

stimulation on osteocalcin svnthesis. 

Experiments were designed to compare the effects ofrhBMP-2 stimulation on HGF's 

and MG63 cells over 3 pre-determined time points. At the 24 hour time point, the non

stimulated MG63 cells demonstrated a significantly greater {p<O.S) amount of 

osteocalcin compared to the non-stimulated HGFs (figure 3; mean of3.5 ng/ml and 0.183 

ng/ml, respectively). At the 24 hour time point there was a statistically significant 

difference between the 2 cell types after stimulation with 1 ng/ml rhBMP-2 (figure 3; 

HGF's: mean of1.37 ng/ml vs. mean of 1.09 ng/ml for MG63 cells) and 10 ng/rnl (figure 

3; HGF's: mean of 0.66 ng/ml vs. mean of 1.26 for MG63 cells). At the higher doses of 

rhBMP-2 (50 and 100 ng/rnl), little, if any osteocalcin was noted. This lack of detectable 

osteocalcin was noted after 48 and 72 hours (figure 3). After 48 hours, non-stimulated 

MG63 cells demonstrated a statistically greater amount of osteocalcin compared to non

stimulated HGFs. Only exposure to 10 ng/ml rhBMP-2 resulted in a significant 

difference in osteocalcin concentration between the 2 cell types (figure 3; mean of1.15 

ng/ml in MG63 cells vs. mean of0.53 ng/ml in HGFs). Comparison of both cell types 



Figure 3. MG63/HGF rhBMP-2 dose response at 24. 4~ and 72 hrs. 

Comparison of osteocalcin synthesis betw~en MG63 cells and HGFs after 24, 48 and 72 . ' 

hour exposure to various concentrations ofrhBMP-2 .. Values are the means ±standard 

deviations of2 separate experiments, each conducted in duplicate. *p<0.05Treatment 

versus untreated control; **p<0.05 MG63 versus HGFs. 
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at 72 hours revealed that non-stimulated MG63 cells had significantly greater amounts of 

osteocalcin compared to non-stimulated HGFs (figure 3; mean of 1.45 ng/ml vs. 0.1 

ng/ml, respectively). In addition, MG63 cells demonstrated significantly higher 

osteocalcin levels at the lower doses ofrhBMP-2 (0.1-10 ng/ml) (figure 3). 

B. MINERALIZATION, IN CULTURE 

1. Mineralization in MG63 cells; effects ofrhBMP-2 on mineralization. 

Experiments were designed to evaluate mineralization, in culture, by MG63 cells 

after stimulating these cells with rhBMP-2 for a 72 hour period. Termination of cultures, 

by fixing in neutral buffered formalin, was performed on day 21, in culture. 

Mineralization appeared to decline with increasing dose of rhBMP-2 with the exception 

of the lowest rhBMP-2 dose, which was not significantly different (p<0.05) from the non

stimulated cells (figure 4). While all remaining doses ofrhBMP-2 significantly 

decreased mineralization compared to the non-stimulated (0.0 ng/ml) and lowest dose of 

rhBMP-2,there was no significant difference among these doses (figure 4). 

2. Mineralization in HGF's; effects oirhBMP-2 on mineralization. 

Experiments were designed to evaluate mineralization, in culture, by HGF cells after 

stimulating these cells with rhBMP-2 for a 7'i. hour period. Mineralization appeared to be 

enhanced in HGF's by rhBMP-2 stimulation (figure 4). The greatest degree of 

mineralization was observed after dosing these cells with 0.1 ng/ml and this was 



Figure 4. MG63/HGF mineralization response to rhBMP-2. 

Comparison of mineralization between MG63 cells and HGFs after 72 hour exposure to 

various concentrations ofrhBMP-2. Values are the means ±standard deviations of2 

separate experiments, each conducted in duplicate. *p<O. 05 treatment versus untreated 

control; **p<0.05 MG63 versus HGFs. 
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significantly greater (p<0.05) when compared to the non-stimulated cells and all other 

doses of rhBMP-2 (figure 4). There was a decline in mineralization with increasing dose 

ofrhBMP-2 (figure 4). 

3. Comparison of mineralization, in culture, by HGF's and MG63 cells; effects of 

rhBMP-2 on mineralization. 

Experiments were designed to compare the effects ofrhBMP-2 stimulation on HGF's 

and MG63 cells over 72 hours. The results indicated that untreated MG63 cells 

demonstrated significantly greater (p<0.5) mineralization than the untreated HGF's. This 

was also true when the cells were treated with 0.1 ng/ml rhBMP-2. The differences in 

mineralization between the 2 cell lines became insignificant with the higher doses of 

rhBMP-2 (1.0 ng/ml-100ng/ml) (figure 4). 

Figures 5 through 7 illustrate the Von Kossa stain used to indirectly measure 

mineralization by MG63 cells and HGFs, in culture. As stated earlier in this section, non

treated control MG63 cells exhibited the greatest amount of mineral deposition when 

compared to the rhBMP-2 exposed MG63 cells and the non-exposed (control) and 

rhBMP-2 exposed HGFs (figure 5). In the HGFs, a significant increase in mineral 

deposition was noted when these cells were exposed to 0.10 ng/ml rhBMP-2 (figures 6 

and 7). 



Figure 5. Von Kassa stain-MG63 untreated control. 

Von Kassa stain of untreated control MG63 cells x 20 magnification. Cells were 

fixed in neutral buffered formalin on day 21, in culture, and then stained. 
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Figure .6. Von Kassa stain-HGF untreated control. 

Von Kassa stain of untreated control HGFs x 40 magnification. Cells were fixed in 

neutral buffered formalin on day 21, in culture, and then stained. 
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Figure 7. Von Kossa stain-HGF@ 0.10 ng/ml rhBMP-2. 

Von Kossa stain ofHGFs treated with 0.10 nglml rhBMP-2for 72 hours x 40 

magnification. Cells werefzxed in neutral buffered formalin on day 21, in culture, and 

then stained. 
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IV. DISCUSSION 

The BMP's, particularly BMP-2, have been shown to act as potent stimulators of 

osteoblast differentiation. 54
-
56 They also have been shown to induce more 

pluripotent stem cells to differentiate into various progenitor cells associated with bone 

formatioii57
-
59 and other periodontal functions. 60

•
61 

To evaluate the potential use of the BMP's in periodontal regeneration, we 

investigated the in vitro effects ofrhBMP-2 on osteocalcin and mineralization, which are 

phenotypic "markers" of osteoblastic differentiation, in pooled HGF and MG63 cells. 

MG63 cells were chosen because they represent a more mature osteoblast cell line and 

synthesize these "markers" of the osteoblast phenotype. Human gingival 

fibroblasts were included to test the hypothesis that rhBMP-2 could stimulate an 

osteoblast-like phenotypic expression in a non-osteobbist cell. Human gingival 

fibroblasts (HGF's) do not to exhibit the osteoblastic phenotype; however, Carnes 

demonstrated that cells obtained from human attached gingiva could express "markers" 

of the osteoblast phenotype when stimulated with 1,25(0H)2D3•
26 These markers 

included alkaline phosphatase activity (ALP), osteocalcin synthesis and mineralization, in 

culture. In that study, HGF's exhibited basal levels of ALP activity and were selected for 

use in the study based on this phenotypic characteristic. 

The use of a cell line has limitations since transformed cells are dissimilar from 

primary cells in several respects. These cell lines typically contain cells with an 
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aneuploid chromosomal number. They are prone to chromosomal aberrations and usually 

contain a range of genotypes: They have a capacity for genetic variation not usually seen 

in many primary cell lines. However, they are normally well characterized and 

reproducible phenotypically, are available in large quantities and are easy to grow. 

Cell lines generally have reduced growth requirements and are less stringent in their 

requirements for attachment and spreading which is vital for proliferation. Thus, 
. ' ' . 

conclusions and interpretations based on findings from transformed cells need to be 

drawn with caution. On the other hand, primary cells cultures of human origin are 

diploid in chromosomal number and are more representative of the human organism. 

These primary cells are initially characterized by phenotypic drift which continues until 

senescence ensues. One of the drawbacks associated with primary cells is that they are 

usually more heterogeneous than transformed cell lines and thus contain a variety of cell 

types in various stages of differentiation. Another drawback is difficulty in maintaining 

sufficient quantity and their increased growth requirements. 

We hypothesized that rhBMP-2 would stimulate osteoblastic differentiation as 

evidenced by increased osteocalcin synthesis and mineralization in MG63 cells when 

compared to non-stimulated cells. We found that rhBMP-2 suppressed osteocalcin 

synthesis at all doses in these cells, with complete inhibition at 50 and 100 ng/ml rhBMP-

2 over all experimental time periods. 

In agreement with our findings, Takiguchi 56 found that rhBMP-2 inhibited 1,25(0H)2 

D3-induced osteocalcin synthesis in human bone cells in a dose dependent manner at 

concentrations over 5 ng/ml while Kobayashi reported similar findings in human PDL 

cells.32 However, Lecanda reported that rhBMP-2 (100 ng/ml for 7 days) increased 
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osteocalcin expression in both human bone marrow stromal cells and human 

osteoblasts.62 The bone marrow stromal cells produced approximately twice the amount 

of osteocalcin as human bone cells. Several investigators have shown similar results 

when comparing a less differentiated population to a more differentiated one. 54
•
56 

In our study, osteocalcin levels were significantly greater in cells treated for 72 hours 

when compared to those treated for either 24 or 48 hours at the lower doses ofrhBMP-2 

(O.land 1.0 ng/ml). One explanation for this increase over 72 hours could be that there 

were cells still responsive to the differentiating effects of rhBMP-2 with a resultant 

increase in osteocalcin synthesis. However, this explanation is confounded by the fact 

that non-stimulated cells always had higher levels of osteocalcin. Thus, it could be 

argued that rhBMP-2 had an inhibitory effect on osteocalcin synthesis. This is supported 

by the finding that maximum levels ofBMP-2, BMP-4 and BMP-6 parallel the 

formation of mineralized bone nodules 63 and that osteocalcin gene expression was down

regulated in nearly mineralized cultures. 64 This is also supported by Wada eta! in his 

study that identified three different BMP receptors which were preferentially expressed in 

osteoblasts localized within bone nodules. BMP-2 had the ~apability of binding to all 3 

ofthem.63 

Another possible explanation for the inhibiting effects of rhBMP-2 could be that 

rhBMP-2 receptors were becoming saturated over time thereby rendering the cells less 

respon~ive to the effects of rhBMP-2. 

It has been shown that osteoblasts synthesize and secrete a variety of proteinases 

which are capable of participating in proteolysis and extracellular matrix (ECM) 

remodeling. 64 It is not unwarranted to speculate that the overall decline in osteocalcin 
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levels in rhBMP-2 cells may be due to some in~eraction between rhBMP-2 and these 

proteinases (i.e., up-regulation of proteinase gene expression). In this study, we 

evaluated only intact osteocalcin; thus, fragments resulting from proteolysis were not 

measured. It would be interesting to measure both intact and fragmented osteocalcin in 

the cell supernatants to see if a relationship exists between the two. 

We also hypothesized that rhBMP-2 would induce expression of the osteoblastic 

phenotype in human gingival fibroblasts. As stated previously, HGF's have been shown 

to express phenotypic "markers" of the osteoblast in response to vitamin D3 

. I . 26 stJmu atron. 

Our findings support the concept that HGF's can express phenotypic characteristics 

of osteoblasts. In this study, growth media and rhBMP-2 dosing media contained 1o-8 M 

vitamin D3• One could argue that the rhBMP-2 had no effect and that the results 

observed were due to the action of the vitamin D3 in the growth/ dosing media. While no 

studies have looked at the effects ofrhBMP-2 on HGF's, it is not unreasonable to expect 

some response by these cells in light of Carnes et a! response to vitamin D3 stimulation of 

HGF's.26 In an earlier study, we were unable to induce osteocalcin synthesis in these 

cells with vitamin D3. Therefore, we feel it is valid to conclude that the results were due 

to the effects of rhBMP-2. 

The human gingival fibroblasts treated with rhBMP-2 demonstrated significantly 

greater amounts of osteocalcin compared to the untreated controls, although there were 

low, basal levels of osteocalcin in non-stimulated, control cells. This increase was dose 

and time dependent. There was an inverse relationship between osteocalcin 

concentration .and dosing time: There was a direct, positive relationship between 
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rhBMP-2 dose and osteocalcin concentration at the lower doses; however, there was 

almost complete inhibition of osteocalcin at doses greater than 50 ng/ml rhBMP-2. 

Clearly, this cell culture contained cells which were capable of synthesizing osteocalcin, 

de novo. This suggests that the culture was 1) populated with cells that were osteoblast

like, 2) contained cells that, while not genotypically similar to osteoblasts, were capable 

of expressing the osteoblastic phenotype or 3) a combination of both. It is most 

likely that this HGF pooled cell line contained immature mesenchymal cells that 

differentiated along the osteoblast phenotype, in culture. Further support for this 

conclusion was advanced by Melcher in a study suggesting that it was not likely to find 

mature osteoblastic cells in the gingiva. 51 The fact that these cells responded positively 

to rhBMP-2 stimulation with an increase in osteocalcin synthesis adds credence to 

support the above conclusion. The temporal decline in osteocalcin synthesis may be 

explained by the fact that over time, these mesenchymal cells are becoming more 

differentiated and are less capable of synthesizing osteocalcin or that rhBMP-2 down

regulates osteocalcin synthesis. Perhaps this question could be answered if osteocalcin 

levels were measured at later time intervals. Increasing concentrations ofrhBMP-2 

significantly inhibited osteocalcin levels. This might also be related to down-regulation 

of osteocalcin synthesis beyond a maximal dose that may be receptor related (i.e., the 

receptors may be saturated at a certain concentration ofrhBMP-2). One might argue that 

rhBMP-2, at a certain dose, is toxic to these cells; however, mineralization evaluation in 

these same cells did not bear out this notion. 

Mineralization was evaluated indirectly by staining cell cultures by the Von Kassa 

method after 21 days in culture. The Von Kassa stain detects calcium deposits which can 



then be semiquantitated using densitometry. Hence; mineralization, per se, is not 

precisely measured but inferred from the amount of calcium deposition. Therefore, 

references to mineralization pertain to calcium deposition by the cells used in this 

investigation. Experimental MG63 cells were dosed for 72 hours with varying 

concentrations ofrhBMP-2 to evaluate the effects rhBMP-2 had on mineralization. In 

this study, we found that rhBMP-2 did not result in significantly greater amounts of 

mineralization when compared to controls. In fact, doses greater than 0.1 ng/ml 

35 

appeared to inhibit mineral formation, in culture, when compared to the non-stimulated 

controls and low dose rhBMP-2 cells. Interestingly, we found similar results when 

evaluating the effects ofrhBMP-2 on osteocalcin synthesis. Within the limits of this 

study, it is hard to determine the exact relationship between mineralization and rhBMP-2 

stimulation. It may well be that it is directly related to the suppression in osteocalcin 

synthesis but because of the timing of osteocalcin determination (days 10 through 12) and 

mineralization (day 21) this can't be stated with certainty. It may be another mechanism 

entirely or some combination of mechanisms. It has been demonstrated that osteoblasts 

synthesize BMP's and that BMP-2 positive cells were located preferentially in 

mineralized nodules in a rat calvarial cell culture model.63 It could be that the 

endogenous BMP's act in concert with exogenous rhBMP-2 to exert a feedback 

mechanism which results in a dedifferentiation of osteoblasts. This dedifferentiation 

could result in a decrease in the phenotypic expression of the more mature osteoblast (ie, 

a decrease in mineralization). 

As with osteocalcin synthesis, HGF cells did exhibit a small amount of mineralization 

in the absence of rhBMP-2. RhBMP-2 stimulation significantly increased mineralization 
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at all doses compared to the non-stimulated controls. Con·esponding to the osteocalcin 

results, a decline in mineralization was noted over all doses ofrhBMP-2 greater than 0.1 

ng/ml and it was dose dependent. The HGF and MG63 cells behaved similarly in their 

mineralization response to rhBMP-2. Therefore, it may be that that the same 

mechanism(s) operating in the MG63 cells are at work in these gingival cells. 



V. SUMMARY 

The primary objectives of this study were the following: 1) to characterize osteocalcin 

production by EIA and mineralization (as determined by Von Kossa staining), in culture, 

in human osteosarcoma cell line-derived osteoblasts and primary HGFs as a function of 

a) time of exposure to rhBMP-2 and b) concentration of rhBMP~2 exposure. 

Results indicated that MG63 and HGFs cells differed, at the lower doses of rhBMP-2, 

in their response to rhBMP-2 exposure. In MG63 cells, rhBMP-2 appeared to have an 

inhibitory effect, at all doses and time points, on osteocalcin synthesis and mineralization, 

as determined by Von Kossa staining, while osteocalcin synthesis and mineralization 

appeared to be enhanced in the HGFs. However, both cells responded similarly to the 

highest doses ofrhBMP-2 in that both mineralization and osteocalcin synthesis were 

inhibited in both cell types. 

These results suggest that HGFs are. capable of expressing phenotypic markers of the 

osteoblastic phenotype and hence may contribute to the· mechanisms essential to 

periodontal regeneration. However, the results also suggest that exposure to rhBMP-2 

may, in fact, be inhibitory to some of these saine mechanisms. 
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