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racture repair is unique when compared with 
healing after soft tissue injury; although both heal- F ing responses involve the formation of new tissue 

at the site of injury, soft tissues heal by replacing the 
injured tissue with a fibrous scar, whereas bone heals 
by regeneration of the normal osseous anatomy. The 
cellular events responsible for the repair of a bone injury 
include, in addition to proliferation of fibroblasts and 
the influx of inflammatory cells found in soft tissue 
wounds, the differentiation of chondrocytes and osteo- 
blasts from progenitor cells and the formation of bone 
by endochondral ossification (1-3). Despite this added 
complexity, the cellular events in fracture repair pro- 
ceed in an orderly and reproducible fashion, leading to 
a well-defined pattern of repair when viewed in histo- 
logical sections (4, 5) .  

Four Stages of Fracture Repair 
The histologic progression of fracture repair can 

easily be divided into four distinct stages, each charac- 
terized by different cellular features and an extracellular 
matrix (Fig. 1). 

Stage 1: Immediate Injury Response. Immedi- 
ately after fracture, a hematoma forms at the fracture 
site that extends along the cortex above the periosteum 
and into the overlying soft tissue and muscle. Undiffer- 
entiated cells adjacent to the hematoma in the perios- 
teum, muscle, and the surrounding tissues proliferate. 
These tissues are invaded by macrophages and other 
inflammatory cells as the fibrous clot is organized into 
granulation tissue. These processes result in the for- 
mation of a reparative granuloma at the site of fracture 
that is called an external callus. 

Stage 2: lntramembranous Ossification. New 
bone matrix is synthesized by osteoblasts located adja- 
cent to the fracture site and between the proliferating 
periosteal cells and the underlying cortex. Bone for- 
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mation in the periosteum occurs by differentiation of 
osteoblasts from precursor cells without a cartilaginous 
intermediate. The region of bone formation in the 
external callus is called the hard callus. 

Stage 3: Chondrogenesis. Mesenchymal or un- 
differentiated cells also are seen in granulation tissue 
overlying the fracture site. As healing progresses and 
intramembranous bone matures, undifferentiated cells 
immediately adjacent to areas of intramembranous 
bone become larger and synthesize an avascular baso- 
philic matrix. This region is similar in appearance to 
the cartilaginous matrix in the proliferating zone of the 
growth plate. The cartilaginous region enlarges as more 
mesenchymal cells develop the histological features of 
chondrocytes, and continues until all fibrous tissue in 
this soft callus is replaced by cartilage. The fibrous and 
cartilaginous region of the external callus is called the 
soft callus. 

Stage 4: Endochondral Ossification. Bone forms 
from cartilage in the soft callus by a process that appears 
similar to bone formation in the growth plate. Chon- 
drocytes adjacent to the subperiosteal bone hypertro- 
phy, the cartilage extracellular matrix calcifies, and 
capillaries from adjacent bone invade the calcified car- 
tilage. Osteoblasts follow capillary ingrowth and syn- 
thesize osteoid on the calcified cartilage, forming pri- 
mary spongiosa with the distinctive “mixed spicule” 
that contains both bone and cartilage. This process 
continues until all cartilage in the soft callus is replaced 
by bone, “bridging” the fracture gap. when bone bridg- 
ing has occurred, mechanical stability is restored, and 
remodeling of new bone and underlying bone cortex 
restores the normal bone architecture. 

Regulation of Fracture Repair 
While each of the four stages of fracture repair has 

distinct histological features, they share several under- 
lying cellular events that are subject to regulation. These 
events include cell proliferation and differentiation, 
chemotaxis. and the synthesis of extracellular matrix. 
The repair of fractures is believed to be regulated by 
both systemic and local factors. Systemic factors that 
affect fracture repair are well characterized in the liter- 
ature, and include endocrine, metabolic, and genetic 
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factors and drug treatment. Local factors are appreci- 
ated as important in fracture repair, but are less well 
characterized. 

Local regulators of fracture repair could be secreted 
by both inflammatory and noninflammatory cells. Cur- 
rent investigations indicate that macrophages and other 
inflammatory cells at sites of injury in nonskeletal 
tissues secrete cytokines and growth factors that are 
critical regulators of healing. The presence of inflam- 
matory cells in the fracture callus suggests that macro- 
phages in the callus also secrete cytokines and growth 
factors to regulate the initial stages of fracture repair. 
The literature on growth factors’ effects on cells in vitro 
contains many examples demonstrating growth factors’ 
regulation of musculoskeletal cell function, including 
stimulation of proliferation by chondrocytes, osteo- 
blasts, and periosteal cells, initiation of chondrocyte 
differentiation and the expression of Type I1 procolla- 
gen in the periosteum, and modulation of extracellular 
matrix synthesis by chondrocytes and osteoblasts. As 
similar cellular events occur in the fracture callus, these 
studies suggest that growth factors also act as regulators 
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Figure 1. The four cellular stages of fracture repair: the immediate 
injury response (Stage I), intramembranous ossification (Stage ll), 
chondrogenesis (Stage Ill), and endochondral ossification (Stage IV). 
Arrows indicate areas of granulation tissue, cartilage, and the endo- 
chondral ossification front. 

of cell differentiation and matrix synthesis in the later 
stages of fracture repair. 

Growth factors synthesized by macrophages in- 
clude transforming growth factor-p 1 (TGF-P l ) ,  the 
acidic and basic fibroblast growth factors (aFGF and 
bFGF), as well as interleukins and other cytokines. 
Platelet degranulation during hematoma formation is 
also a significant source of growth factors, including 
TGF-/3 1 and platelet-derived growth factor (PDGF). 
Other sources of growth factors include osteoblasts 
(FGF, TGF-p, and PDGF) and the bone matrix itself, 
which contains high concentrations of FGF and TGF- 
p. The number of growth factors likely to have a 
significant role in the regulation of wound repair, oste- 
ogenesis, and chondrogenesis is increasing. A partial 
list of growth factors that affect healing is presented in 
Table I. 

Growth factors could be synthesized by osteoblasts, 
macrophages, or chondrocytes within the fracture cal- 

Table l. Growth Factors and Fracture Healing 

Transforming Growth 
Factor-@ 

Source: Platelets, inflammatory cells 
(monocytes, macrophages), 
osteoblasts, chondrocytes 

Matrix: Bone is the most abundant 
source of TGF-P in the body 

Responding cells: Most cells have TGF-P recep- 
tors 

Unique characteristics: Inactive precursor peptide, most 
potent chemoattactant identi- 
fied for macrophages, pro- 
motes angiogesis 

Fibroblast Growth Factors 
(aFGF, bFGF) 

Source: 

Matrix: 

Responding cells: 

Unique characteristics: 

Platelet-Derived Growth 
Factor (PDGF-AA, 
AB, BB)* 

Source: 

Matrix: 
Responding cells: 
Unique characteristics: 

Inflammatory cells, osteoblasts, 
chondrocytes 

Active matrix bound form 
(HSPG),a bone is a FGF res- 
ervoir 

Most cells of mesoderm or neu- 
roectoderm origin 

Stimulates neovascularization, 
evidence for an autocrine, in- 
tracellular, function; stimu- 
lates Type IV collagenase 

Platelets, monocytes, activated 
tissue macrophages, endo- 
thelial cells 

Interactions unknown 
Most cells of mesoderm origin 
Receptor tyrosine kinase activ- 

ity, well-described receptor 
subunit interactions 

a FGF binds to heparin sulfate proteoglycan (HSPG). 
b T ~ ~  PDGF genes combine to form three isoforms: AA, A 
chain homodimer; AB, A-8  heterodimer; and BB, B chain 
homodimer. 
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lus. Alternatively, growth factors may be delivered to 
the fracture callus by the bloodstream, or, more likely, 
they could be released by platelets into the fracture 
hematoma (6). Growth factors may regulate fracture 
repair by paracrine or autocrine pathways (7), and can 
exert a broad spectrum of activities. Consequently, 
determination of the precise location of different growth 
factors is important for elucidating its ultimate role. 
Although an increase in growth factor gene expression 
preceding a histological or cellular event suggests a role 
for growth factor regulation, the evidence is only cor- 
relative and does not provide direct data on the role of 
the growth factor. Direct evidence for growth factor 
regulation can be obtained by adding exogenous factors 
to specific stages of fracture healing in vivo and in vitro, 
or by testing growth factors in models of different 
aspects of the fracture repair response. 

Synthesis and Localization of Growth Factors in the 
Fracture Callus 

The presence of a growth factor within the fracture 
callus is obviously a prerequisite for the growth factor 
to exert regulatory actions during fracture healing. Ex- 
perimentally, growth factors are localized to cells and 
regions within the callus by imrnunostaining of the 
fracture callus and monospecific antibodies. Gene 
expression for different growth factors is detected by 
Northern analysis if expression occurs at high levels, or 
by amplification techniques (polymerase chain reaction 
amplification of RNA after reverse transcription) if the 
growth factor gene is expressed at low levels or by a 
small number of cells. 

Growth Factor Gene Expression during Fracture 
Healing. To determine whether growth factors are ex- 
pressed by cells within the fracture callus, and, if so, at 
which stages of the fracture-healing process, RNA 
extracted from fracture calluses was evaluated by 
Northern hybridization for TGF-PI and PDGF gene 
expression (8) and by reverse transcription followed by 
polymerase chain reaction amplification to detect acidic 
and basic FGF gene expression (9). These studies show 
that the levels of growth factor gene expression vary 
with the stage of fracture repair (Table 11). Expression 
of the TGF-P1 gene is high during chondrogenesis 
(Stage 111) and endochondral ossification (Stage IV), 
but lower during intramembranous bone formation 
(Stage 11). No expression is detected during the imme- 
diate injury response (Stage I). Acidic FGF gene expres- 
sion also varies with the stage of repair, and maximal 
expression is seen during chondrogenesis (Stage 111). 
Constant levels of bFGF and PDGF B expression are 
detected during all stages of fracture repair. 

These observations suggest that different growth 
factors are expressed in the callus during different cell- 
ular events. The absence of TGF-P1 gene expression in 
Stage I indicates that little, if any, of this growth factor 
is synthesized early in fracture repair. High levels of 

Table II. Growth Factor Gene Expression during 
Fracture Healing 

Fracture healing stage" 
I I1 1 1 1  IV 

TGF-P1 0 ++ ++++ +++ 
aFGF + + ++ + 
bFGF + + + + 
PDGF-B (c-sis) 0 ++ ++ +-t 
PDGF-A N D  N D  N D  ND 

a Fracture healing stages defined as: I, initial injury response; II, 
intramembranous ossification; 111, chondrogenesis; IV, endochondral 
ossification. ND, not determined; 0, not detectable by Northern blot- 
ting; +, detectable by reverse transcription followed by PCR amplifi- 
cation; ++, less than 50% maximal expression on Northern blotting; 
+++, greater than 50% maximal expression on Northern blotting; 
++++, maximal expression on Northern blotting. 

expression of TGF-PI and aFGF in Stage I11 suggest 
that chondrocytes synthesize high levels of these growth 
factors. Lower levels of expression for other growth 
factors suggest that these growth factors are also synthe- 
sized by cells in the callus, but these analyses do not 
detect cbanges in the relative levels of gene expression. 

Growth Factor lmmunolocalization during Frac- 
ture Healing. Growth factors in the fracture callus can 
be localized to specific cell types by immunostaining 
with monospecific antibodies. Using the histological 
stages of fracture healing as a reference, distinct im- 
munostaining patterns are seen for TGF-/3, aFGF, and 
bFGF. 

Extracellular TGF-P1 is localized to the hematoma 
as early as 24 hr after fracture, both at the fracture site 
and along the periosteum (Fig. 2). In Stage I, immuno- 
staining of the hematoma and periosteum persists for 
several days after fracture and precisely defines the 
region of periosteal proliferation and intramembranous 
bone formation (Fig. 2b). In Stage 11, intramembranous 
bone adjacent to the fracture site demonstrates inter- 
cellular staining of the osteoblasts in the bone spicules 
for TGF-PI (Fig. 2, c, e, and f). In Stage 111, mesenchy- 
ma1 cells and immature chondrocytes stain intensely 
for intercellular TGF-/3 1 (Fig. 2i), while the surrounding 
hematoma and matrix demonstrate extracellular TGF- 
P l  staining (Fig. 2h). The cartilaginous matrix sur- 
rounding mature chondrocytes demonstrates little or 
no TGF-P1 staining (not shown), whereas the matrix 
that surrounds hypertrophic chondrocytes in Stage IV 
stains strongly for extracellular TGF-PI (Fig. 2k). Also 
in Stage IV, ossified matrix on the bone side of the 
ossification front does not stain for TGF-P1 , whereas 
the osteoblasts that line this bone matrix exhibit inter- 
cellular TGF-P1 staining (Fig. 21). 

Similar studies have evaluated basic FGF in the 
fracture callus (Table 111). During Stage I, bFGF stains 
macrophages in the granulation tissue in the developing 
fracture callus. Anti-bFGF antibodies first stain osteo- 
blasts during the intramembranous bone formation 
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Figure 2. lmmunostaining of the fracture callus with antibodies for TGF-P1 (For details, see text.). 

Table 111. lmmunolocalization of Growth Factors during Fracture Healing 

Fracture healing stage' 

I II 111 IV 

TGF-(31 Fibrous periosteum Osteoblasts Chondrocytes, Hypertrophic chondrocytes, 

aFGF Macrophages, peri- Osteoblasts Immature chon- Osteoblasts 

bFGF Macrophages Osteoblasts, bone Chondrocytes Hypertrophic chondrocytes, 
matrix osteoblasts, bone matrix 

a Fracture healing stages defined as: I, initial injury response; II, intramembranous ossification; 111, chondrogenesis; IV, endochondral ossification. 

cartilage ma- calcified cartilage matrix 
trix 

osteal cells drocytes 

(Stage 11). Immature chondrocytes in Stage I11 show 
staining for bFGF in the nucleus, whereas mature chon- 
drocytes stain more intensely in the peripheral portion 
of their cytoplasm. Osteoblasts continue to demonstrate 
intercellular bFGF staining throughout endochondral 
ossification (Stage IV). Additionally, there is bFGF 
staining of the osteoblast pericellular matrix, especially 
at the endochondral ossification front, suggesting the 
extracellular accumulation of bFGF in the bone matrix. 

In contrast to the intracellular and extracellular 
staining for both TGF-/3 and bFGF, immunohistologi- 
cal staining with aFGF antibodies shows exclusively 
intercellular staining throughout the fracture-healing 
process. Macrophages in Stage I stain intensely for 
aFGF. The cytoplasm of preosteoblasts in regions of 
intramembranous and endochondral ossification 
(Stages I1 and IV) stain lightly for aFGF. Chondrocytes 
demonstrate a differential aFGF staining pattern, with 

immature chondrocytes staining more intensely than 
mature or hypertrophic chondrocytes. 

Correlation of Growth Factor Expression with 
Histology. Once a growth factor has been localized 
within the fracture callus, correlating the expression 
and location of the growth factor with changes in the 
histology of the callus may suggest a role for growth 
factor regulation. This analysis implies that TGF-/3 1 
detected in the fibrous periosteum during Stage I is not 
the result of synthesis by periosteal cells, but results 
from binding of growth factor synthesized elsewhere. 
Significant concentrations of TGF-0 1 are released from 
platelets into the hematoma at the time of injury, 
suggesting that platelets are the source of TGF-P 1 seen 
in the periosteum. The accumulation of TGF-P1 in the 
periosteum and the clear association between TGF-P1 
staining and the extent of callus formation suggest that 
TGF-@ 1 may stimulate proliferation during initial cal- 
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lus formation. TGF-01 in chondrocytes during Stage I11 
and in hypertrophic chondrocytes of the callus during 
Stage IV are probably synthesized by these cells, as high 
levels of TGF-PI gene expression are detected in Stage 
111. Accumulation of TGF-Pl in the hypertrophic ma- 
trix, but not in the matrix around mature chondrocytes, 
suggests that chondrocytes transport this growth factor 
from intracellular sources into the extracellular matrix. 
TGF-01 in this matrix may have a role in regulating 
cartilage matrix calcification and endochondral ossifi- 
cation. 

Acidic FGF is expressed at lower levels, but in- 
creased expression in Stage I11 suggests a role in chon- 
drogenesis. Basic FGF is also expressed, but at constant 
levels; consequently, this analysis is not informative 
about the possible effect of this growth factor on cell 
activity. 

Growth Factors in Models of Fracture Repair 
This evidence of growth factor function is only 

suggestive, however, and does not provide any direct 
data on the role of the different growth factors. Direct 
evidence for growth factor regulation can be obtained 
by adding exogenous growth factors to specific stages 
of fracture healing in vivo. It can be technically difficult 
to add exogenous growth factors to healing fractures in 
vivo and generate results that can be interpreted. There- 
fore, growth factors also have been studied in models 
of different stages of fracture callus formation and 
development. 

To evaluate the significance of increased expression 
of aFGF in Stage 111, aFGF was injected into the soft 
callus during early chondrogenesis. Analysis of the re- 
pair process after injection demonstrated increased car- 
tilage in the callus, but a delay in the initiation of 
endochondral ossification. These observations suggest 
that aFGF injection stimulated chondrocyte prolifera- 
tion, but delayed maturation. No effects were seen on 
other cell types in the callus, and bone formation was 
unaffected (10). 

Platelets are the first source of growth factors dur- 
ing the initiation of fracture repair. The proliferation 
and differentiation of periosteal mesenchymal cells in 
Stage I is likely to be initiated or modulated by growth 
factors released from platelets that degranulate during 
hematoma formation. This aspect of fracture healing 
can be modeled in experimental animals by injecting 
growth factors found in platelets into the subperiosteal 
tissue of uninjured femurs. 

Subperiosteal injections of TGF-P into the non- 
fractured rat femur result in mesenchymal cell prolif- 
eration and the subsequent initiation of chondrogenesis 
and intramembranous bone formation. Mesenchymal 
cell proliferation in the inner cambial layer of the 
periosteum is seen after injection of 200 ng of TGF-P1 
(Fig. 3). After 4 days, chondrocytes are identified above 

Figure 3. Formation of cartilage and intramembranous bone after 
four injections of 200 ng TGF-p1 into nonfractured subperiosteal 
tissue in the femur. 

the cortex at the site of injection. The size of the 
cartilaginous mass increased severalfold. As the carti- 
lage mass enlarges, hypertrophic chondrocytes develop 
near the underlying cortex, while smaller, proliferating 
chondrocytes are seen near the periosteum. New bone 
forms in the subperiosteal region lateral to cartilage by 
intramembranous ossification. After stopping TGF-P 
injections, the cartilaginous mass is replaced with bone 
by endochondral ossification. This bone undergoes ac- 
tive remodeling by osteoclasts, finally resulting in the 
thickening of the cortical bone. 

Subperiosteal injection of PDGF results in a differ- 
ent response than that seen after injection of TGF-P1. 
PDGF also stimulates mesenchymal cell proliferation 
in the cambial layer of periosteum, and a bone mass 
forms in PDGF-injected femurs. No cartilage is seen in 
this mass, however, and it appears that new bone for- 
mation in PDGF-injected femurs is the result of intra- 
membranous ossification. This bone also undergoes 
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active remodeling and results in the thickening of the 
cortex. 

Summary 
Fractured bones heal by a cascade of cellular events 

in which mesenchymal cells respond to unknown reg- 
ulators by proliferating, differentiating, and synthesiz- 
ing extracellular matrix. Current concepts suggest that 
growth factors may regulate different steps in this cas- 
cade (10). Recent studies suggest regulatory roles for 
PDGF. aFGF. bFGF, and TGF-P in the initiation and 
the development of the fracture callus. Fracture healing 
begins immediately following injury, when growth fac- 
tors. including TGF-P1 and PDGF, are released into 
the fracture hematoma by platelets and inflammatory 
cells. TGF-P1 and FGF are synthesized by osteoblasts 
and chondrocytes throughout the healing process. TGF- 
P l  and PDGF appear to have an influence on the 
initiation of fracture repair and the formation of carti- 
lage and intramembranous bone in the initiation of 
callus formation. Acidic FGF is synthesized by chon- 
drocytes, chondrocyte precursors, and macrophages. It 
appears to stimulate the proliferation of immature 
chondrocytes or precursors. and indirectly regulates 
chondrocyte maturation and the expression of the car- 
tilage matrix. Presumably, growth factors in the callus 
at later times regulate additional steps in repair of the 
bone after fracture. 

These studies suggest that growth factors are central 
regulators of cellular proliferation, differentiation, and 
extracellular matrix synthesis during fracture repair. 
Abnormal growth factor expression has been implicated 
as causing impaired or abnormal healing in other tis- 
sues? suggesting that altered growth factor expression 
also may be responsible for abnormal or delayed frac- 

ture repair. As a complete understanding of fracture- 
healing regulation evolves. we expect new insights into 
the etiology of abnormal or delayed fracture healing, 
and possibly new therapies for these difficult clinical 
problems. 
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