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Initiation and enhancement of bone formation

A review

James T. Triffitt

Knowledge of some of the fundamental biochemical factors that may influence
the initiation and continued growth of bone-forming cell lines is presented. The
discussion is limited to those factors shown experimentally to be present locally
in bone tissue and synthesized in the environment of bone-forming cells. The
current state of knowledge of basic research findings on osteogenic factors is
given in detail. Cooperative actions of these locally produced and systemic
factors are the primary stimuli that result in increased bone growth and volume.

Initiation and enhancement of bone
formation

All aspects of development of an organism and the
induction of tissues are dependent upon molecu-
lar interactions (Ham and Vermett 1980); and the
generation of the shape and form, or morphoge-
nesis, of bone tissue is no exception. How a
particular cell assumes its characteristic shape and
phenotype are central issues in biological re-
search. Over the past 20 years, we have learned
more about the molecules that participate in these
processes in bone tissue; and research activity in
the field of bone morphogenesis has accelerated
markedly over the past 7 years. The current state
of knowledge of the initiation of bone formation
and, in part, the subsequent enhancement of bone
growth will be considered here.

Mechanisms that control bone growth are
complex processes and include the actions of
systemic and locally produced factors. Not all
aspects of the many factors that participate in the
processes of bone growth will be discussed; treat-
ment will be limited to those growth factors
produced locally in the tissues (Table 1). Many of
these growth factors have been discovered by the
modern techniques of cell biology, and their
general physiologic effects are being investigated
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intensely at the present time (Stoker 1985). They
are important regulators of gene expression, and
are crucial messengers between cells. Some have
general cellular and tissue effects, whereas others
seem to be more specific and selective for bone
cells. Many are involved in bone morphogenesis
during embryonic development, and indeed the
first embryonic morphogen has recently been
identified (Thaller and Eichele 1987, Slack 1987),
but this topic is beyond the scope of this review.
Here, some of the basic aspects of the develop-
ment of bone in the postnatal organism will be
considered particularly with reference to the in-
itial differentiation of the osteoblastic phenotype.

Table 1. Some factors affecting bone growth

Local growth factors Systemic growth factors

Bone morphogenetic protein
Skeletal growth factor
Transforming growth tfactor-8

Epidermal growth factor

Fibroblast growth factor

Platelet-derived growth
factor

Insulin-like growth factors
(somatomedins)

Bone-derived growth factor
(B2 microglobulin)
Cartilage-derived factor

Platelet-derived growth factor  Local environment

Extraceliular matrix
components
Plasma proteins

Hormones, vitamins
Growth hormone

Insulin Blood flow and nutrition
Glucocorticoids
Thyroid hormones Other factors
Parathyroid hormone Electrical
Calcitonin Mechanical
Prostaglandins Gravitational
Vitamin D, A, K, etc. Viruses

Age
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Lineage of osteoblasts. Which cells give rise to
the osteoblastic lineage in the postfetal skeleton?
They are obviously cells residing at or near bone
surfaces as bone grows by accretion. Proliferating
cells must be present in the adjacent marrow
tissue or periosteal connective tissue, and some
evidence suggests that they are present as a
continuum throughout bone spaces. Certain of
these cells on or near to bone surfaces exist as
preosteoblasts, and there are indications that
these are derived from specific stem cells (Frie-
denstein 1973). The latter are uncharacterized
except, by definition, for their potential for self-
renewal and for their capacity to produce de-
scendants that differentiate into all types of ma-
turing progeny characteristic of the cell line (Hen-
dry 1985) terminating in osteocytes in this case.
Stem cells appear to be present in all regenerating
populations; and bone is probably no exception,
although this has not been proved conclusively.
Current dogma states that these bone-tissue stem
or generating cells are equivalent to certain cells
of the marrow stromal system present in bone
marrow (Owen 1985). In general terms, in any
tissue, stroma refers to the supporting tissue in
any organ that supports the cells that perform the
specific functions, the parenchyma.

Stromal systems

To explain the nature of this marrow stromal
system, we must consider briefly the morphology
of marrow. The framework, or stroma, of the
marrow is a connective tissue and comprises cells
that participate in the maintenance and structural
support of the hemopoietic cells of the marrow.
These cells encourage the development of hemo-
poiesis and are said to make up the hemopoietic
inductive microenvironment (Allen 1981). There
is apparently a special relationship between bone
and marrow, for wherever true bone is formed,
irrespective of the initiating mechanism, it gen-
erally leads to new hemopoietic marrow (Trueta
1968, Urist et al. 1969). Connective tissues pro-
vide the stroma of almost all the tissues, but the
nature of marrow connective tissue appears to
provide a special site for hemopoiesis to occur.
From the standpoint of the hematologist, the
stroma of marrow consists of all the cells, other
than the hemopoietic cells, that may actively

support hemopoiesis. Indeed, development of cel}
lineages within the hemopoietic system occurs in
association with certain of these discrete stromal
elements (Weiss 1981). So macrophages, adipo-
cytes, endothelial cells, reticular and fibroblastic
cells are all subsumed under the term marrow
stroma (Dexter 1982). Yet, these cells have di-
verse origins.

From the point of view of bone-cell origin,
however, the marrow stromal system (Figure 1)
has been given a more restricted definition to
include only the network that is made up of
fibroblastic cells, reticular cells, adipocytes, and
osteogenic cells (Owen 1985). That the bone-
forming cells can originate from cells within the
marrow system is beyond question. Postnatally,
these are totally distinct and histogenetically un-
related to the hemopoietic and lymphopoietic
marrow cell lines (Owen 1978, 1980). By elimi-
nation and reduction, they are part of the marrow
stromal system, but the above important differ-
ences in definition must be remembered. If this
is not appreciated, the term ‘“marrow stromal
stem cell”” may be thought to imply that such acell
may give rise to all the components of the marrow
stroma. This is clearly not the case. Other com-
ponents of the hemopoietic marrow stroma, for
example, endothelial cells, appear distinct from
the hemopoietic and fibroblastic cell lines; and
macrophages are actually of hemopoietic origin
(Le Douarin et al. 1975, Le Douarin 1979, Wilson
1983, Sahebekhtari and Tavassoli 1978). Thus,
there may be a confusion of terminology if the
adjective “stromal” is not qualified. Further,
osteocytes develop in the embryo before any bone
marrow system; and the slightly more specific
name “‘stromal fibroblastic system’ will be used
here to emphasize the different origins of the
osteoblastic cells from the hemopoietic systems in
marrow. Because components of stromal fibro-
blastic systems; are present in most tissues
throughout the body, the term will assist clearer
interpretation of ectopic ossification.

A stromal stem cell compartment — which
includes pluripotent cells widespread in the body,
together with specific stem cells — and committed
progenitors for each organ have been proposed
(Owen 1985). This is still largely a matter of
speculation and is complicated by the presence of
fibroblastic precursor cells in the blood circulation
(Maximow 1928, Luria et al. 1971, Piersma et al.
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Figure 1. Diagram illustrating the locations of some of the
histogenetically distinct cell lines prasent at bone surfaces. The
stromal flbroblastic system (blue) includes osteogenic, fibro-
blastie, reticular, and adipocytic cells. Cells included in the
hemopoletic system (red), endothelial system (green), and
skeletal muscle (black) are of distinct origins from those of the
stromal fibroblastic system and from each other in the postnatal
animal.

1985). However, fibroblastic stromal cells from
certain organs, including marrow, do appear to
express different antigenic markers that may be
related to differences in functional requirements
for each organ (Piersma et al. 1985). By analogy
with other systems, and particularly with the
hemopoietic system about which most is known,
a diagram of possible lineages of the cells can be
constructed (Figure 2).

Osteogenic progenitor cells

Enhanced normal bone formation may therefore
be considered to be caused by a stimulation of
commitment of the stem cells and their progeny,
which results in cell proliferation and differenti-
ation. The basis of Friedenstein’s definition of
determined osteogenic progenitor cells (DOPC)
is that these presumptive stem cells on bone
surfaces are already committed towards the osteo-
genic direction (Friedenstein 1973). When these
cells are removed mechanically with bone marrow
and when transplanted heterotopically, they dif-
ferentiate spontaneously into bone (Patt and
Maloney 1972, Tavassoli and Crosby 1968, Frie-
denstein et al. 1986,). Similar cells probably
reconstitute the medullary cavity following injury
and ablation (Brinemark et al. 1964, Maloney
and Patt 1969, Patt and Maloney 1975).

Hemopoietic cells Mature Cells
erythrocytes
N ) L megakaryocytes
Totlpoten committed multipotent unipotent neutrophils
Marrow — pluripotent — progenitor — progenitor =  monocytes
Stem Cell hemopoietic stem cells cells (macrophages)
K ) cell eosinophils
mast cells
lymphoid stem » B&T
cell lymphocytes
Stromal Flbroblastic Cells
r? committed reticular cells
Stem cells > progenitor fibroblasts
cells ~— adipocytes
osteocytes
(chondrocytes)

Figure 2. Possibie cell lines in the differsntiation of the hemopoietic and stromal fibroblastic systems of bone marrow.



676

Acta Orthop. Scand. 58, 673684, 1987

The bone-forming cells that are concentrated at
bone surfaces can be grown from total bone
marrow as an adherent fibroblastic layer in vitro
derived from colonies, each generated from a
single cell (Friedenstein 1976). When trans-
planted in an isolated environment in diffusion
chambers in vivo, they can form calcified tissue.
This tissue, although avascular, resembles the
skeletal osseous tissue by both light and electron
microscopic evaluation (Ashton et al. 1980, Bab
et al. 1984). Not all of these colonies grown in
vitro can give rise to bone as Friedenstein (1980)
has shown; but a significant proportion, about one
third, do.

Ectopic bone formation

It is apparent that cells located in sites far away
from bone surfaces, in extraskeletal sites, also
have the capacity for true bone formation (Con-
nors 1983, Smith and Triffitt, 1986). The differ-
entiation into bone tissue of unspecialized mesen-
chymal cell populations in these sites is initiated
by a process termed bone induction. Huggins
(1930, 1931) demonstrated bone induction in
classical experiments more than 50 years ago by
transplantation of living transitional urinary epi-
thelium into various connective tissues of dogs
and rabbits. Subsequently, other living epithelial
cells were found to have similar properties (An-
derson 1976, Wlodarski 1969). A significant phy-
siologic finding was that normal mouse bone
synthesized and secreted a bone-inducing factor
(Goldhaber 1961); later studies revealed a similar
material in certain mouse and human osteosarco-
mas (Hanamura et al. 1980, Amitani and Nakata
1974, Heiple et al. 1968, Bauer and Urist 1981).
That devitalized bone tissue contained an osteoin-
ductive factor was first shown by Urist (1965), and
he named this bone morphogenetic protein, or
BMP.

Biochemical isolation of bone-inductive agents.
There is now a great deal of research effort being
directed to identifying and characterizing the
osteoinductive agents present in bone tissue us-
ing, as starting materials, demineralized normal
or osteosarcomatous bone. Identification of such
afactor(s) would allow basic studies on osteogenic
induction and osteogenesis'and an assessment of

its (their) action on mechanisms important in
fracture healing and normal and abnormal bone
growth.

Since 1978, the techniques for producing a
soluble fraction of bone tissue that contains os-
teoinductive activity have been available (Urist
and Mikulski 1979). Biochemical procedures have
therefore been applied to the purification of the
factor; and since this time, many other solubilizers
have been found (Urist and Mikulski 1979, Urist
et al. 1981, 1982, Sampath and Reddi 1981).
Guanidinium solutions with highly dissociative
properties have been used mainly, and they
solubilize all detectable osteoinductive agents
from bone matrix. By chromatographic pro-
cedures, it has been shown that the osteoinductive
agents from every source are found in the low
molecular weight, noncollagenous protein frac-
tions. The complete chemical characteristics of
the osteoinductive agents have not been ident-
ified, or if they have, they are closely guarded
commercial secrets at the moment. It has been
claimed that BMP has been isolated in pure form.
Human BMP and bovine BMP are said to have
molecular weights of about 18,000 and to have the
characteristics of acidic proteins (Urist et al. 1983,
Urist et al. 1984, Urist et al. 1986); this contrasts
with the basic nature of osteosarcoma-derived
BMP, which has an isoelectric point of about 9,
although the molecular weights are all similar
(Takaoka 1987). The techniques of polyacryla-
mide gel electrophoresis used to monitor protein
purity are not sensitive enough to eliminate the
possibility that a minor undetected constituent (or
constituents) confers biological activity in the
assays. Monoclonal antibodies to the major pro-
tein in the purified bovine fractions with BMP
aqtivity have been used to measure levels in
plasma in normal patients and those with a variety
of bone diseases (Urist et al. 1985, Urist and
Hudak 1984). This immunoassay obviously
measures serum differences in the clinical condi-
tions, but full characterization of the antibody has
not been reported.

Assays for inductive activity. A major reason for
the difficulties in purification of the osteoinduc-
tive agent is the lengthy, problematic, and incon-
sistent biological assay procedures involved. The
earliest assays for bone induction involved surgi-
cal implants of relatively large amounts (1-20 mg)
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Figure 3. A. Trabecular bone formed on the outside of a diffu-
sion chamber containing a soluble extract of rabbit bone matrix
and bounded by celluloss acetate membranes. The diffusion
chamber was recovered 21 days after intramuscular implan-
tation into allogensic rabbits and prepared for histochemical
staining with Von Kossa (black) and for alkaline phosphatase
(red). CAM, celiulose acetate membrane; Ob, osteobiast layer.

B. Bone formed in the mouse thigh 3 weeks after xenogeneic
implantation of a soluble extract of rabbit bone matrix. Three
areas of bone formation are apparent, staining with Von Kossa
for phosphate (black), and for alkaline phosphatase (red): A,
Osteogenic site showing alkaline phosphatase activity; B, Small
mineralized area; C, Trabecular bone ossicle.

C. Radiograph of mouse implanted with devitalized bone matrix
showing bone formation at the implantation site (arrow). (Cour-
tesy of Dr, O. Nilsson).
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of material to intramuscular or subcutaneous sites
in animals (Figure 3). Notwithstanding the diffi-
culties, Urist et al. (1983) and Takaoka (1987)
have reported the isolation and partial characte-
rization of human BMP and mouse osteosar-
coma-derived BMP, respectively, using this tech-
nique by implantation into mice. Sen et al. (1987)
used bioassay in rats by recombination with
inactive bone matrix from which the osteoinduc-
tive activity was removed to define a purified and
partially characterized osteogenic protein.

In vitro assay is potentially more useful for any
biological activity and numerous procedures have
been developed over the past few years to deter-
mine osteoinductive factors (Seyedin et al. 1983,
Syftestad et al. 1984, Sato and Urist 1984, Koski-
nen et al. 1985). These assay procedures are based
on the fact that osteogenic cells form cartilage in
tissue culture (Figure 4; Urist and Nogami 1970).
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Figure 4. Cartilage formation from rat muscle fibroblasts cultu-
red in vitro for 30 days on demireralized bone matrix. The
cartilage forms from cells that are adjacent to the demineralized
bone matrix and which have migrated into the less oxygenated
crevice formed by a scalpel cut in this matrix. (Courtesy of Dr.
O. Nilsson) :

The earlier histologic criteria for cartilage induc-
tion have been superseded largely by early detec-
tion of synthesis of cartilage-specific molecules by
immunochemical and molecular biological tech-
niques. So cartilage proteoglycan and type II
collagen have been the molecules detected soon
after induction in vitro by fractionated bone
proteins (Seyedin et al. 1983). In all of these
methods, embryonic or neonatal tissues have
been used for derivation of the responding cells.
In one of the methods (Syftestad et al. 1984),
chick-limb bud cells, which are inherently capable
of differentiation into cartilage under appropriate
conditions, are used. The relevance of these
systems to the mechanisms occurring in vivo in
adult ectopic ossification is therefore impossible
to assess. What has been of great value, however,
is the focusing of attention by the in vitro assays
on the isolation of further factors from bone that
have potentially dramatic effects on bone growth.
Recently, two cartilage-inducing factors first
thought to be related to bone-inducing activity
have been isolated from bone by using in vitro
assays. One of them is identical to transforming
growth factor B8 (TGFB) and the other is a
different, but homologous protein (Seyedin et al.
1986, Bentz et al. 1987). The transforming growth
factors are a group of polypeptides that stimulate
normal cells to grow in soft-agar culture and
mimic some aspects of the transformed or malig-
nant cell phenotype (Sporn and Todaro 1980).
Their further characteristics will be noted later.
When the purified cartilage-inducing factor
equivalent to TGFB was mixed with inactive bone
matrix, from which all inductive activity was
removed, and the mixture implanted subcutane-
ously into rats, bone was apparent after 14 days
(Bentz et al. 1987). Incorporated into a collagen
carrier, it had no inductive activity. This seems to
suggest that this cartilage-inducing factor (TGFB)
may potentiate residual minor activity in the
extracted inactive matrix or that a cooperative
effect of a number of factors is required for bone
cells to be induced. It does not appear to be the
single factor that initiates osteoinductive response
in the genome of the potentially responsive cell.
As indicated earlier, bone matrix has been
shown to contain activity that stimulates cartilage
formation and growth in chick limb-bud culture
in vitro. This cartilage-stimulating activity ap-
pears to be evoked by protein factors different
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from those described earlier (Syftestad et al.
1987). Their chemical identities have not been
described in detail, but they are likely to act at a
later stage than primary induction; and some are
equivalent to the bone-derived factors described
later.

Local growth factors

Multifarious factors are undoubtedly involved in
the complete change of cell type towards osteo-
genesis and in subsequent growth and develop-
ment of the committed progeny. Many of these
factors are probably synthesized locally, as is
bone-induction activity. Recently, a host of
growth factors have been detected in the matrix
of bone that affect mouse fibroblast growth
(Hauschka et al, 1986). Because of its mineralized
nature, bone - and presumably all calcified tissue
- acts as a sink for many locally produced and
systemic proteins (Triffitt 1985). This also seems
to be the case for growth factors. There seems to
be little specificity in uptake, and a wide spectrum
of activities are present. Whether growth factors
are active in situ or upon bone resorption remains
conjectural at this time, but growth factors must
be present in the environment of cells of the
osteoblast lineage. Some of the local growth
factors known to affect bone-cell replication and
differentiated function are described briefly be-
low.

Bone-derived growth factors (BDGF). In vitro
studies had shown at an early stage that cultured
bone cells release autocrine factors that regulate
bone growth (Peck and Banks 1977). These are
found also in the media of cultured rat calvariae
(Canalis et al. 1980). This activity has been
separated into two unrelated factors, one of which
is identical to TGF (Centrella and Canalis 1985).
The other factor was first thought to be similar to
insulin-like growth factor, or somatomedin. The
latter is a family of growth hormone-dependent
factors produced mainly by the liver (Phillips and
Vassilopoulou-Sellin 1980).

Subsequent work has suggested this is not so,

and BDGF is assumed to be different from factors.
found in other tissues. Strangely, however,

BDGF seems to affect a variety of tissues (Canalis
1985). Although it stimulates bone cell prolifer-
ation and collagen synthesis, the action of BDGF

is not specific to bone. It has also been found to
stimulate synthesis of cartilage matrix com-
ponents, to increase cartilage cell replication, as
well as to induce mitogenic activity in normal rat
kidney fibroblasts in culture. A most recent
finding is that BDGF is identical to B;-microglo-
bulin (Canalis et al. 1987). The latter is a poly-
peptide bound to the major histocompatibility
complex. The role of HLA antigens in disease and
transplantation and their fundamental role in
cell-cell recognition and immune function sug-
gests that Bz-microglobulin may have some bear-
ing on the genetic origin of metabolic bone
disease.

Skeletal growth factor. One of the first growth
factors to be isolated from human and chicken
bone was named skeletal growth factor (SGF)
(Farley and Baylink 1982). Its difference from
BMP has been amply stated (Mohan et al. 1986,
Urist et al. 1983). A specificity of SGF for skeletal
tissue cells has been reported, and it does not
stimulate general fibroblastic growth. The synth-
esis of SGF is stimulated by parathyroid hormone
(Howard et al. 1980), and thus may explain the
coupling between bone formation and resorption
(Harris and Heaney 1969). The human factor
seems to be a small molecular weight protein
(m.wt. 11,000).

Growth factors derived from cartilage. A number
of factors have been detected in extracts of
cartilage or of chondrocytes in culture. Because
bone and cartilage occur at times in intimately
adjacent locations and are developmentally con-
nected, the interactions of their respective growth
factors are of considerable interest. One, named
cartilage-derived factor, has a similar molecular
weight (11,000) to SGF and resembles BDGF by
its mitogenic and protein synthetic properties in
culture. Other growth factors are secreted into the
culture media in a range of molecular sizes (from
80-10,000 m.wt.). Their relationship to one
another is unknown. Suzuki and Kato (1982)
proposed the term local somatomedins to define
these molecules with similar growth-promoting
activities.

Platelet-derived growth factor (PDGF).This is a
two-chain protein of molecular weight 30,000, and
is a major mitogen secreted by platelets. It is
structurally related to the product of an oncogene
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encoded by simian sarcoma virus (Waterfield et
al. 1983), and is a major circulating growth factor
for mesenchymal cells (Stiles 1983). It is thought
that proto-oncogene products are directly invol-
ved in normal cell proliferation and differenti-
ation (Miiller 1986). Certainly if the regulation of
a proto-oncogene (c-fos) is .altered in mice the
development of bone is affected and specific
lesions result (Riither et al. 1987). PDGF is
released at sites of injury during blood clotting,
but its synthesis by osteoblastic bone cells other
than osteosarcoma had not been shown until
recently (Valentin-Opran et al. 1987). It has been
shown to be present in bone matrix to the extent
of 50 ng/g bone (Hauschka et al. 1986).

Transforming growth factors (TGFs). These are
recently discovered molecules, and they have
been referred to earlier during the discussion on
bone induction. TGFB is produced by many
normal and tumor cells, and the platelet is an
abundant source (Derynck et al. 1985). Bone
contains as much as the latter, 200 ng/g (Piez and
Seyedin 1986), and it is present in and around
osteoblasts and osteocytes in fetal bovine bone,
as shown by immunolocalization. The synthesis of
TGFB8 in rat bone has already been mentioned and
cells growing out from human bone explants in
culture (Beresford et al. 1984) also produce TGFB
activity (Ibbotson et al. 1987). TGFB is released
from bone cultures when resorption is stimulated,
and may couple bone formation to previous
resorption. When released from bone, TGFB is
present as an inert complex; and acidity of the
local environment, perhaps occurring during re-
sorption, may serve to activate the factor (Pfeils-
chifter et al. 1987). This is of considerable inter-
est, because acid solutions have been shown to
enhance the activity of mouse tumor-derived,
bone-inducing activity (Yoshikawa et al. 1986),
and the cooperative activity of a number of factors
may be integrated by this means. There is intense
activity at the moment to learn more about the
effects of TGFB on bone metabolism and how this
molecule regulates proliferation and differenti-
ation of bone cells.

Conclusions

There has thus been considerable progress in
understanding the many local factors that may

affect the initiation, proliferation, and differenti-
ated functions of osteogenic cells (Figure 5). To
date, the exact mechanisms of action of the local
growth factors and the particular tracks in the
developmental pathways that lead to bone tissue
are not known. All of them mentioned are known
to stimulate these processes generally, and their
actions may therefore result in increased bone
growth. Eventually, the exact proliferation path-
way from the postulated stem cell, or the induced
committed cell, to the differentiated state will be
discovered. Determining the effects on this path-
way of the local growth factors and of the many
systemic and external factors that stimulate
(Table 1) and inhibit the various stages of bone
development is a monumental task for the future.
It is, however, highly likely the morphogenetic
factor or factors that initiate the bone-forming cell
line will soon be characterized. The practical
value of the inductive agent found in bone matrix
is already apparent in the field of reconstructive
surgery. The repair of certain skeletal defects

Undifferentiated
mesenchymal cells

BMP — ‘

Induction of
osteogenic cell line

Local
rowth
fgacgors Proliferation of
chondro-osteoprogenitor
systemic cells
factors \ L
Chondroblast and

osteoblast maturation.
Production of cartilage
and bone

Figure 5. Stages of differentiation of bone tissue that distingu-
ishes between a bone morphogen (BMP), which induces an
undifferentiated cell to embark on a developmental pathway
resulting in the progeny assuming the osteogenic cell pheno-
type and systemic factors that influence the proliferation and
maturation of this cell line after this primary stimulation. The
exact positions where these growth factors act in the cell
differentiation pathways during osteogenesis are not known.
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(Glowacki et al.1981), hearing defects (Frootko
and Triffitt 1983, 1984), and bone defects result-
ing from injury, neoplasm, and infection (Urist
1976, 1986a) has been accomplished with the
impure agent. The value of the purified and
completely characterized product is obvious. The
use of molecular biological methods of genetic
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