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Commercially-Prepared Allograft
Material Has Biological Activity
In Vitro

Yoichiro Shigeyama,* John A. D’Errico,* Roger Stone,' and M.J. Somerman**

THE WELL-ESTABLISHED FINDING that implantation of demineralized bone matrix at
non-skeletal sites results in formation of cartilage and bone has been attributed to bone
morphogenetic proteins/factors. Commercially-available demineralized bone allograft
materials are being used currently to reconstruct/regenerate bone. The studies described
here focused on establishing biological activity of protein extracts prepared from com-
mercially obtained bone graft material in vitro. Furthermore, the biological activity of
these protein extracts in vitro was compared with similar extracts prepared from freshly
obtained human bone. Biological activities of bone matrix proteins examined included
their ability to promote proliferation, attachment, and migration of gingival fibroblasts
using an in vitro system. Guanidine followed by guanidine/EDTA was used to separate
bone matrix proteins into proteins associated with soft tissues of bone and proteins
retained within the mineral compartment, respectively. Two preparations of each start-
ing material were tested and the biological activity of each preparation was evaluated
in triplicate at least three times. Slot blot analysis revealed that commercially-prepared
material contained type I collagen; fibronectin; BSP; and BMP-2, 4, and 7. However,
the freshly prepared bone extracts appeared to have higher BMP concentrations. The
ability of commercial extracts to promote cell proliferation, while significant, was
limited and significantly less when compared with similar extracts prepared from fresh-
ly obtained bone. All extracts promoted cell attachment significantly, while none of
the extracts promoted cell migration. Thus, commercially-prepared material retained
proteins having the capacity to influence cell behavior in vivo. However, some bio-
logical activity as measured in vitro was lost as a result of tissue processing. J Per-
iodontol 1995,66:478-487.
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Studies as early as 1923 provided evidence that autoge-
nous bone grafts could be used successfully to restore
bone lost as a consequence of periodontal disease.' This
resulted in increased emphasis on evaluating different
types of bone graft materials, as well as other materials
including resorbable and nonresorbable membranes, for
their capacity to restore periodontal tissues (see reference
2 for review). The knowledge that demineralized bone
matrix powder (DMBP)/demineralized freeze-dried bone
allograft material (DFDBA) was capable of inducing mes-
enchymal cells to differentiate into osteoblasts in vivo?
resulted in attempts to use DFDBA, obtained from human
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cadavers, in periodontal defects. Results from these stud-
ies indicated that DFDBA had the capacity to promote
regeneration of the periodontium.? The strong evidence
that factors/proteins present in bone played a role in reg-
ulating the development, maintenance, and regeneration
of mineralized tissues prompted several laboratories to
identify and characterize specific proteins from bone (see
references 4 to 6 for review).

Initial studies by Urist* and Reddi and Huggins’ helped
to clarify the events occurring during induction of min-
eralization by DFDBA in vitro and in vivo. Such studies,
along with subsequent work, established that factors/pro-
teins present in DFDBA stimulate 1) migration and at-
tachment of cells at the healing site; 2) proliferation of
cells; 3) biosynthetic activity by cells; and 4) chondro-
blastic and osteoblastic cell differentiation.®® Advanced
technologies enabled researchers'®!! to identify further a
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family of proteins having osteogenic activity. To date nine
bone morphogenetic proteins (BMPs) have been cloned
and sequenced: BMP-1, BMP-2 (formerly BMP-2A),
BMP-3 (also called osteogenin), BMP-4 (formerly BMP-
2B), BMP-5, BMP-6 (human homologue of the murine
Vgr-1), BMP-7 (also called osteogenic protein-1 or OP-
1), BMP-8 (OP-2), and BMP-9.""2 Except for BMP-1,
BMPs are members of the transforming growth factor-
(TGR-B) superfamily. TGF-Bs are found in high concen-
tration in bone, as well as in platelets'> and have wide
ranging effects on cell proliferation, differentiation, and
organization. In bone, proposed roles for TGF-Bs include
as coupling factors, which regulate the transition from
bone resorption to bone formation,'*'* and as differenti-
ation factors regulating control over dévelopment and re-
generation of mineralized tissues.'s!”

In addition to BMPs, many other proteins associated
with mineralized tissues have been implicated as playing
a role in the regulation of these tissues. The most predom-
inant protein of bone is collagen. The major collagen of
bone is type I, with a small amount of other types, includ-
ing types III and V." Noncollagenous matrix proteins as-
sociated with bone include osteocalcin (bone ‘gla’ protein),
matrix ‘gla’ protein, osteonectin, osteopontin (OPN), bone
sialoprotein (BSP), bone acidic glycoprotein-75 (BAG-75),
thrombospondin, proteoglycans (decorin, biglycan), and
serum proteins (albumin, a 2-HS-glycoprotein). In addi-
tion, fibronectin and tenascin, which are present on the
periosteal and endosteal surfaces of bone, were isolated
from the extracellular matrix (ECM) of bone.'*

We have sought to further characterize proteins asso-
ciated with ECM of bone and other mineralized tissues;
e.g., cementum and dentin, and reported that protein ex-
tracts of mineralized tissues included proteins which en-
hanced attachment,?*?' protein production,?? and chemo-
tactic activity of periodontal cells and gingival fibroblasts
in vitro.2*?* The studies described here focused on estab-
lishing biological activity of protein extracts prepared
from commercially-obtained bone graft material. Further-
more, we were interested in determining whether these
protein extracts possessed the same activity as that of pro-
tein extracts prepared from freshly obtained human bone.
This is an important question since commercial materials
are processed differently than materials used in the lab-
oratory” and commercial materials are being used cur-
rently to reconstruct/regenerate bone.

Biological activities of protein extracts examined included
their ability to promote proliferation, attachment, and mi-
gration of cells using an in vitro system. We found that
commercially-prepared material contained type I collagen,
fibronectin, BSP, BMP-2, BMP-4, and BMP-7 and stimu-
lated cell attachment. However, the ability of these extracts
to promote cell proliferation was limited when compared
with similar extracts prepared from freshly obtained bone.
None of the extracts studied promoted cell migration.

MATERIALS AND METHODS

Bone Extractions
In order to characterize and compare the biological activ-
ities of fresh human bone chips and commercially-pur-
chased bone powder (DFDBA), both original materials
were further processed in exactly the same fashion and
proteins extracted as described previously® and outlined
in Figure 1A and 1B. Procedures for use of human bone
were approved by the School of Dentistry Committee to
Review Grants for Clinical Research and were in com-
pliance with state and federal laws. Proximal tibias were
obtained from a 76-year-old-female and bone was
cleansed of adherent soft tissue and shattered under liquid
nitrogen. The bone fragments were washed to remove
marrow and blood contamination with phosphate buffered
saline (PBS), pH 7.4, containing protease inhibitors
(0.05M 6-aminohexanoic acid, 0.005M benzamidine HCI
and 0.001M phenylmethylsufonyl fluoride) for 2 days at
4°C. Bone matrix proteins were sequentially extracted
with 4M guanidine-HCI followed by 4M guanidine-HCl/
EDTA at 4°C, each for 7 days. These extracts were first
gravity filtered through Whatman No. 1 filters, and then
concentrated by ultra filtration under pressure through
Amicon YM-10 filters. Concentrated extracts were dia-
lyzed against distilled water and lyophilized. Lyophilized
samples were stored at —20°C until use. The guanidine-
HCI and guanidine-HCI/EDTA extracts represented
0.03% and 0.01% of the starting material by weight, re-
spectively. For example, our extractions started with ap-
proximately 100 g of bone, which yielded a dry weight
of 30 mg and 10 mg for the guanidine-HCI and guani-
dine-HCI/EDTA extracts, respectively.
Commercially-prepared demineralized bone powder
used for periodontal regenerative therapy was obtained
from the American Red Cross (irradiated cortical demi-
neralized bone powder, 300 to 500 wm particle size). This
material undergoes a variety of treatments at the Ameri-
can Red Cross prior to shipping, as shown in Figure 1B.
Before removal of the bone tissue, the donor was exposed
to a low dose (1.0 to 1.5 megarads) of gamma irradiation.
Bones were cleansed of soft tissue, washed in distilled
sterile water to remove lipids, marrow, and blood and
soaked in an antibiotic solution containing polymixin-f,
vasotracin-B and gentomycin for 1 hour. Next, the bone
was milled to 300 to 500 pm particle size, soaked in 70%
ethanol, and demineralized in 0.6N HCl for approximate-
ly 1 hour. Then the demineralized powder was rinsed with
water until pH 7.0 was achieved, followed by a 70% eth-
anol wash, lyophilized, and packaged under vacuum.
For purposes of this study, this material was then subjected
to 4M guanidine-HCl followed by 4M guanidine-HCVEDTA
at 4°C, each for 7 days, filtered through Whatman No. 1
filters, concentrated by ultra filtration through Amicon YM-
10 filters, dialyzed and lyophilized, as described above for
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Figure 1. Schematic diagram of the procedure used for isolating proteins
from bone. The main difference between the extractions was the proce-
dure used to prepare the bone prior to extraction of proteins. The fresh
human bone (A) was shattered under liquid nitrogen and the bone chips
were washed in phosphate buffered saline with protease inhibitors. The
DFDBA (B) was washed in water containing antibiotics, soaked in 70%
ethanol and demineralized in 0.6 N HCI prior to shipping.

fresh bone. The guanidine-HCI and guanidine-HCVEDTA ex-
tracts represented 1.0% and 0.4% of the starting material by
weight, respectively. For example, our extractions started with
approximately 10 g of DFDBA, which yielded a dry weight
of 100 mg and 40 mg for the guanidine-HCI and guanidine-
HCI/EDTA extracts, respectively.

Throughout this paper, bone matrix proteins from the
proximal tibia are referred to as BE (bone extract)-1G and
BE-1G/E, for the guanidine-HCl and guanidine-HCl/
EDTA extracts, respectively, and similar extracts obtained
from commercially-prepared demineralized bone powder
are referred to as BE-2G and BE-2G/E, respectively. It is
important to note that the commercially-prepared bone
was partially demineralized using 0.6N HCI, soaked in an
antibiotic solution and 70% ethanol, and lyophilized prior
to shipping. Other differences between the two procedures
included the rinsing of fresh bone with PBS plus protease
inhibitors versus rinsing commercial bone with distilled
water without protease inhibitors.

Cells

Human gingival fibroblasts and periodontal ligament
cells, cultured from healthy tissue explants obtained from
premolars extracted for orthodontic reasons, were used in
these studies. Cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM), 10% fetal bovine serum
(FBS), and antibiotics and used between the fourth to
twelfth passage, as described previously.? Initially our
studies were conducted with both human gingival fibro-
blasts and periodontal ligament cells. We noted no dif-
ferences between the effects of extracts on gingival fibro-
blasts compared with their effects on periodontal ligament
cells and therefore, reported here are results with gingival
fibroblasts.

Attachment Assay

The assay used to determine the ability of the bone ex-
tracts to promote attachment of gingival fibroblasts was
a modification of the Klebe method.?” Uncoated 24-well
bacteriological plates were precoated with 400 ul of the
putative attachment agent at a concentration of 5, 25, or
50 pg/ml in water. Agents included a positive control
(fibronectin) FN;* a negative control (wells coated with
water); and BE-1G, BE-1G/E, BE-2G, and BE-2G/E. Af-
ter the coatings had dried, dishes were preincubated for
1 hour at 37°C in 400 p! DMEM containing 1 mg/ml
bovine serum albumin (BSA). After the preincubation pe-
riod, 2 X 10* cells in 100 wl DMEM/BSA were added to
each of the wells and incubated for an additional 1.5
hours. Following incubation, photographs of the attached
and unattached cells were taken using a phase contrast
microscope! and wells were rinsed with 500 pl Hanks’
balanced salt solution (HBSS)! to remove unattached
cells. Remaining cells were removed enzymatically and
counted by Coulter counter. All agents were evaluated in
triplicate.

$Chemicon, Temecula, CA.
IAxiovert 35, Zeiss, Thornwood, NY.
1Gibco-BRL, Grand Island, NY.
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Proliferation Assay

Proliferation assays were conducted to determine the abil-
ity of the bone matrix extracts to affect proliferation of
gingival fibroblasts. Gingival fibroblasts at approximately
80% confluency were removed from flasks with 0.08%
trypsin and 0.04% EDTA, washed with DMEM contain-
ing 10% FBS, and resuspended to a concentration of 1 X
10* cells/ml. One ml of the cell suspension was added to
each experimental well of a 24 well tissue culture treated
plate and incubated overnight at 37°C with 5% CO, to
allow cells to attach. The following day, designated day
0, the medium was replaced with one ml of either DMEM
with 10% FBS (positive control), DMEM with 2% FBS
(negative control), or DMEM with 2% FBS plus bone
matrix extracts. The bone matrix extracts, BE-1G, BE-
1G/E, BE-2G, and BE-2G/E, were assayed at 25 and 50
pg/ml. To establish the number of cells present on day 0;
i.e., prior to addition of agents, cells in each of three wells
were processed for counting by Coulter counter. Experi-
mental agents were added on day O and cells harvested
on day 2, day 5, and day 10 by removing media and
rinsing cells two times with HBSS. Adherent cells were
detached with trypsin/EDTA and counted by Coulter
counter. All agents, at each time point, were evaluated in
triplicate.

Chemotaxis Assay

The ability of the four bone matrix extracts to act as che-
moattractants for gingival fibroblasts was determined us-
ing a modified Boyden chamber assay.?® Polycarbonate
membranes, 8 wm pore size* were precoated with 20 mg
porcine skin gelatin** in 1000 ml water for 60 minutes
at 90°C and allowed to dry overnight. For chemotaxis
assay, 34 pl of test agent was placed in the lower chamber
of a Boyden chamber. Bone extracts were evaluated at 0,
2, 5, 10, 25, and 100 pg/ml concentration diluted with
DMEM and 0.1% BSA. In addition, fibronectin at con-
centrations of 10 and 25 pg/ml, served as a positive con-
trol. The lower chamber was covered with the gelatin
coated membrane, and the upper chamber was screwed
into place. The upper chamber was filled with 200 pl of
the cells suspension containing 1.5 X 10¢ cells in DMEM
and 0.1% BSA, and incubated for 4 hours at 37°C. Fol-
lowing the incubation period, the membranes were care-
fully removed, cells adhering to the upper surface of the
membrane dislodged, and cells on the lower surface fixed
in methanol for 30 seconds. Cells were stained™ and
membranes placed on glass slides. To determine cell mi-
gration, individual cells within five fields, at 200X mag-
nification, were counted per membrane.?*4%

#*Costar 150414, Cambridge, MA.
**Sjgma Chemical Co., St. Louis, MO.
#Hemacolor, Diagnostic Systems Inc., Gibbstown, NJ.

Gel Electrophoresis

For gel electrophoresis, samples (reduced with 5% 2-mer-
captoethanol) were analyzed by 4 to 20% gradient SDS-
PAGE with a 4% stacking gel, according to the method
of Laemmli.?’ Molecular weight standards were used. Fol-
lowing electrophoresis, gels were stained with silver ni-
trate following the procedure described by Schoenle et
al.* Two hundred (200) pg of the guanidine-HCI/EDTA
extracts (BE-1G/E and BE-2G/E) were loaded on the gels,
while 100 pg of the guanidine extracts (BE-1G and BE-
2G) were loaded. Initially 200 pg of BE-1G and BE-2G
were used, but BE-1G stained too darkly, and band res-
olution was not possible; thus the lower amount was used
for both guanidine extracts in order to achieve appropriate
comparisons between samples.

Western Blot

For immunological staining of specific proteins in the
bone extracts, slot blot analysis was performed as de-
scribed.?' Briefly, 200 pg of protein samples in 200 wl
tris-buffered saline (TBS, 10 mM Trizma-base, pH 7.4
and 0.9% NaCl) were applied to Westran membranes**
with the aid of a BioRad slot blotter apparatus. Pre-im-
mune sera controls were routinely run. Nonspecific hy-
bridization was prevented by placing the membranes in
TBS containing 3% BSA for 60 minutes at room tem-
perature. The membranes were then rinsed twice in TBS-
T (TBS with 0.05% Tween 20)** and placed in TBS-T
containing 3% BSA and the appropriate primary antibody
for 1 hour at room temperature. All antibodies were raised
in rabbits against human proteins (fibronectin, BSP and
type 1 collagen) or synthetic peptides derived from the
human protein sequences (BMPs) and final dilutions were
as follows: fibronectin, 1:500,% type I collagen, 1:500,5
BSP, 1:500 (LF-6, a gift from Dr. Larry Fisher, NIH/
NIDR);23 and BMP-2, 1:50; BMP-4, 1:100; and BMP-
7, 1:100 (gifts from Beth Koenig, Procter and Gamble
Co., Cincinnati, OH). BSP was used for several reasons,
including the specificity of this protein for mineralized
tissues,23435 the adhesive properties of this protein®® and
the potential for this protein to function as a nucleator of
hydroxyapatite.>>3” The membranes were then washed
twice in TBS-T and incubated in TBS-T with 3% BSA
and goat anti-rabbit IgG (H and L) labeled with horse-
radish peroxidase conjugate blot gradel at a concentration
of 1:1000 for 1 hour at room temperature. The membranes
were washed again twice in TBS-T, rinsed quickly with
TBS containing 5% methanol, and protein bands were
visualized by soaking the membrane in TBS with 4-chlo-
ro-1-naphthol until background color appeared. The de-
veloping reaction was stopped by rinsing in TBS and 5%
methanol, and the membranes were photographed.

#Schleicher & Schuell, Keene, NH.
#Biodesign International, Kennebunkport, ME.
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Figure 2. SDS-PAGE of protein extracts from human bone. One hundred
ug of the guanidine-HCI extracts and 200 ug of the guanidine-HCl/
EDTA extracts were loaded on a reducing 4 to 20% gradient polyacryl-
amide gel with a 4% stacking gel and stained with silver nitrate. Protein
extracts from the commercially prepared bone, BE-2G and BE-2G/E,
are in lanes A and B, respectively. Extracts prepared from fresh human
bone, BE-1G/E and BE-1G, are in lanes C and D, respectively.

Statistical Analysis

Significant differences in bone extract activity was deter-
mined by ANOVA and Tukey-Kramer multiple compar-
isons test using Instat computer software. All experiments
were repeated at least 3 times. The data are represented
as mean * standard deviation and significance (P =
0.05) is denoted by an asterisk.

RESULTS

After extraction of the proximal tibia and DFDBA, as
described above, the composition of proteins from these
extracts were examined by SDS-PAGE (Fig. 2). BE-I,
both G and G/E, had more intense banding throughout

when compared with BE-2, both G and G/E. Examination
of the composition of all extracts demonstrated distinct
bands in the high molecular region, suggestive of type I
collagen. BE-1G, BE-1G/E, and BE-2G/E also presented
weakly stainable bands in the 200,000 dalton region sug-
gestive of fibronectin (Fig. 2, lanes D, C, and B, respec-
tively). BE-1G gel profile depicted a number of compo-
nents below 98,000 daltons (Fig. 2, lane D). Also, in BE-
1G/E, light but distinct bands were observed around
68,000, 43,000, and 16,000 daltons (Fig. 2, lane C). In
addition, intense and distinct bands were also observed in
the lower molecular region around 20,000 daltons in the
BE-1G/E (Fig. 2, lane C). This contrasted with limited
banding observed in this region with all other extracts
(Fig. 2, lanes A, B, and D).

To further characterize the nature of the bands depicted
by SDS-PAGE, slot blot analysis was used. We were par-
ticularly interested in determining whether these extracts
contained any bone morphogenetic proteins (BMPs). In
addition, to assure that our extraction procedure was ad-
equate and that our slot blot system was sensitive, we
determined whether these extracts contained type I col-
lagen, fibronectin and BSP. Figure 3 shows the results of
these studies. Slot blot analysis for BE-1 indicated that
fibronectin, BMP-2, BMP-4, BMP-7, and type I collagen
were present in both BE-1G and BE-1G/E. In contrast,
BSP antibody responded positively to BE-1G/E with no
response to BE-1G. Analysis of BE-2 extracts, BE-2G
and BE-2G/E, indicated the presence of BSP, BMP-2, and
type I collagen, although the positive reaction of BMP-2
antibody was slight. Fibronectin, BMP-4, and BMP-7 an-
tibodies responded positively only to BE-2G/E.

As shown in Figures 4A and 4B, respectively, BE-1G
and BE-1G/E had a significant effect on promotion of cell
proliferation of cultured human gingival fibroblasts at
concentrations of 25 and 50 pg/ml. BE-2G significantly
promoted proliferation of cells at a concentration of 50
pg/ml (Fig. 4A). In contrast, BE-2G/E did not stimulate
proliferation of cells at concentrations of 25 and 50 pg/
ml (Fig. 4B).

In addition to proliferative activity, attachment and che-
motactic properties of these extracts were investigated.
All extracts significantly enhanced attachment of human
gingival fibroblasts, in vitro (Figs. SA and B). Fibronec-
tin, which was served as positive control, yielded similar
effects. The effects of protein extracts on spreading of
cells are demonstrated in Figure 6. Cells exposed to fi-
bronectin, the positive control, and all protein extracts,
exhibited a spindle-shaped appearance, indicative of a
functional response to the extracts, while unattached (neg-
ative control) cells had a circular appearance. In contrast
to the positive effects of these extracts on cell adhesion,
none of the extracts promoted migration of cells, as an-
alyzed by Boyden chamber method, at concentrations of
2 to 100 pg/ml (P < 0.05). Fibronectin, the positive con-
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Figure 3. Slot blot analysis of bone extracts. Two hundred ug of protein samples were applied to Westran
membranes and tested for the presence of fibronectin (FN), bone sialoprotein (BSP), bone morphogenetic
proteins 2, 4 and 7 and type I collagen. All antibodies used were raised in rabbit against human proteins
or peptides and visualized by staining with IgG (H and L) labeled with horseradish peroxidase.

trol used for the chemotaxis assay, promoted migration at
concentrations of 10 and 20 pg/ml (data not shown).

DISCUSSION

As summarized in Table 1, these studies demonstrate that
commercially-prepared demineralized bone powder
(DFDBA) retains proteins with biological capacity as
evaluated in vitro. When compared with protein extracts
prepared from fresh bone (BE-1), they exhibit a similar
ability to stimulate cell attachment. Furthermore, they re-
tain BMPs known to have chondrogenic/osteogenic po-
tential. However, BMPs appear to be present at a lower
concentration in BE-2, and in addition, BE-2 preparations
have less ability to promote cell proliferation when com-
pared with BE-1 preparations.

We used procedures similar to those described by Ter-
mine et al.?* for extraction of bone matrix proteins: 4M
guanidine-HCI followed by 4M guanidine-HCI/0.5M
EDTA, which separates bone matrix proteins into proteins
associated with soft tissues of bone and mineral com-
partment noncollagenous proteins, including serum-de-
rived proteins which are absorbed to crystal surfaces, re-
spectively. It is not surprising to find mineral-associated
proteins such as BMPs retained in DFDBA. The well-

established finding that subcutaneous or intramuscular
implantation of demineralized bone matrix at non-skeletal
sites of rodents results in formation of cartilage and bone
has been attributed to bone morphogenetic proteins/fac-
tors for decades.>’

The results presented here indicate that freshly obtained
human bone contains the BMPs (BMPs 2, 4, and 7) as-
sayed, and that these BMPs can be extracted from the
matrix with guanidine-HCI, with further removal with
guanidine-HCIVEDTA. These findings suggest that both
the nonmineral-associated compartment of bone, includ-
ing cells, blood, and adhering connective tissues and the
mineral-associated compartment of bone, contain BMPs.
This result is supported by the studies of Lianjia et al.’®
where, using immunohistochemistry, they demonstrated
BMPs in fibrous connective tissue surrounding the bone
matrix in calcifying fibrous epulis. The examination of
BMPs from commercially prepared bone, as determined
by slot blot analysis, indicated the presence of BMPs 2,
4, and 7 in the BE-2G/E, with little response to BMPs
antibodies in BE-2G. One explanation for the relative lack
of BMPs in BE-2G is that some proteins were removed
during the commercial processing of this bone by HCI
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Figure 4. Effects of bone exiracts on proliferation of human gingival fibroblasts. Bone extracts, guanidine-HCI (A) and guanidine-HCI/EDTA (B), were
tested for their effect on proliferation of gingival fibroblasts. Extracts were tested at 25 and 50 pg/ml in DMEM containing 2% FBS. DMEM containing
2% FBS represents a negative control, and as a positive control DMEM containing 10% FBS was used. All agents were evaluated in triplicate. Data

expressed as total number of cells + standard deviation (*P < 0.05).

(Fig. 1). In contrast, other investigations®*“° reported ex-
traction of osteoinductive proteins from bone matrix by
guanidine-HCI, after acid demineralization. The discrep-
ancy between our lack of BMPs in BE-2G and these other
studies may be explained by several factors including dif-
ferences in the method used for processing of deminer-
alized bone powder, the tissue type selected and/or the
age of the patient from whom bone was obtained. It is
interesting that BMPs were extracted easily from fresh
human bone (BE-1) without EDTA-demineralization.
This finding may help to explain, at least in part, past
clinical studies where non-demineralized freeze-dried
bone allografts have been shown to have regenerative ac-
tivity.*!42

Slot blot analysis also revealed the presence of BSP in
all extracts except BE-1G. These results support the lo-
calization of BSP to mineral-associated compartments of
mineralized tissues.?'*35 The presence of BSP in BE-2G
is probably due to the prior demineralization with HCI
during commercial processing. BSP is an adhesion pro-
tein selective to mineralized tissue, with affinity for type
I collagen®* and believed to play a regulatory role in

biomineralization.’>*744 In addition, type I collagen was
present in all four extracts. Interestingly, Paralkar et al.%
reported that BMP-3 (osteogenin) binds to types I and IV
collagen. The osteoinductive activity of BMPs has been
shown to be promoted by reconstitution with their asso-
ciated collagenous matrices, predominantly type I colla-
gen.***7 Thus, interactions between BSP/BMPs and col-
lagenous substratum are most certainly important for bone
induction.

Commercially prepared bone retained biological activ-
ity, as measured by the assays used here. All four protein
extracts examined enhanced attachment of cultured hu-
man gingival fibroblasts. Fibronectin (positive control)
alone, a universal adhesion protein and chemoattractant,
enhanced attachment and chemotactic activity of cells in
this study. Electrophoresis and slot blot analyses showed
that fibronectin was present in all extracts except BE-2G,
but most likely at a concentration less than 5 pg/ml of
extract. Therefore the ability of these extracts to promote
cell attachment cannot be attributed totally to fibronectin
content or BSP content, indicating that other molecules
may be important for promoting cell attachment.
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Figure 5. Effects of bone extracts on attachment of gingival fibroblasts. Dishes were dry coated with fibronectin (a positive control), BE-1G, BE-1G/
E, BE-2G, or BE-2G/E at a concentration of 5, 25, or 50 ug/ml in water; wells coated with water acted as a negative control. Wells were preincubated
with DMEM containing BSA (1 mg/ml) for 1 hour prior to the addition of cells. Cells (2 X 10¢ cells/well) were allowed to attach for 1.5 hour and
attached cells quantitated by Coulter counter. All agents were evaluated in triplicate. Data expressed as total number of attached cells = standard

deviation (*P < 0.05).

Next the chemotactic activity of the extracts was de-
termined, but none of these extracts promoted cell migra-
tion. This is in agreement with our previous studies in-
dicating that extracts of older adult human bone failed to
enhance cell migration.?* In contrast, protein extracts of
rat, bovine, and fetal human bone, as well as cementum
extracts, enhanced migration of various cells of mesen-
chymal origin.?>?*#%-5 Even though some of these studies
were not conducted with gingival fibroblasts, cells of
mesenchymal origin have been shown previously to re-
spond in a similar manner.?® The results from the present
study support our previous finding. Younger bone may
have a higher concentration of chemotactic factors than
older bone. While highly speculative at this point, we
propose that addition of chemotactic factors selected for
osteoblast-like cells to DFDBA would be valuable to im-
prove the regenerative capacity of DFDBA.

Proliferation studies indicated that BE-1G and BE-1G/
E had a significant effect on stimulatory cell proliferation
at concentrations of 25 and 50 pg/ml. In contrast, of the
BE-2 extracts, only the BE-2G extract, at a concentration
of 50 pg/ml, stimulated cell proliferation. This finding
supports those of Hauschka et al.*' They reported that acid

extraction with HCI followed by an extraction with gua-
nidine-HCI reduces bone-derived growth factor yield as
compared with guanidine-HCI extraction alone. Hence, it
is possible that factors which promote cell proliferation
are removed or altered during the processing of DFDBA.
However, as discussed above, we found higher concen-
trations of BMPs 2, 4, and 7 in BE-2G/E, relative to BE-
2G. Recent studies demonstrated that osteoinductive pro-
teins, such as BMPs, enhanced osteoblast differentiation,
but not cell proliferation.'>#5253 In contrast, other re-
searchers reported that BMPs stimulate proliferation of
fibroblasts’ and osteoblasts.’>3¢ It is generally accepted,
depending on conditions in vitro, that BMPs may pro-
mote, inhibit, or have no effect on cell proliferation. Thus,
it is conceivable that DFDBA may enhance cell attach-
ment and/or differentiation, rather than proliferation, and
that the proliferative activity found in BE-1 is not asso-
ciated with the presence of BMPs.

In summary, we describe biological activity of protein
extracts of bone in vitro. These studies are the first, to
our knowledge, to analyze the biological properties of
DFDBA in vitro. Commercially-prepared material re-
tained proteins that have the capacity to influence cell
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Figure 6. Photographic representation of protein extracts ability to pro-
mote cell attachment and spreading. Cells were allowed to adhere to
plates for 2 hours and were photographed prior to removal of cells for
counting by Coulter counter. Abbreviations; CN—water control (note
rounded morphology with no cell attachment), FN—fibronectin control.

Table 1. Summary of Composition and Activity Associated with
BE-1 and BE-2

BE-1 BE-2
Proteins/Activity G* G/E} G G/E
BMP-2 ++ ++ + ++
BMP-4 ++ ++ - ++
BMP-7 ++ ++ — 4+
BSP - ++++ +++ +++
Fibronectin +++ +++ — +
Type I collagen +++ +++ +++ +++
Proliferation ++ ++ + —
Attachment +++ +++ +4+ 4+
Chemotaxis - - — —

— = negative; + = faint; ++ = moderate; +++ = intense; ++++
= very intense.

*Guanidine-HCI extract.

"Guanidine-HCI/EDTA extract.

differentiation and, thus possibly regeneration of tissues,
in vivo. However, some regenerative capacity may be lost
as a result of tissue processing. It is interesting to note
that the concentration of proteins required to demonstrate
biological activity in vitro, 25 to 50 wg/ml, were less than
those typically used to treat periodontal defects. The
amount of extracted protein in both the BE-2G and BE-
2G/E combined represented about 1.5% of the total start-
ing material. Clinically, a typical defect is treated with
approximately 50 mg of DEDBA. If only 1.5% of protein
was released from this material, 750 g of protein would
be available in the local environment.

Additional studies are required in order to establish
which proteins/factors are responsible for the osteoinduc-
tive activity of demineralized bone.
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