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Summary

Bone repair following a fracture is a complex, well orchestra-
ted, physiological process in response to injury. Even though
the exact number of the genes and expressed proteins invol-
ved in fracture healing remains unknown, the molecular com-
plexity of the repair process has been demonstrated, and it in-
volves numerous genes and molecules, such as extracellular
matrix genes, growth and differentiation factors, matrix me-
talloproteinases, angiogenic factors and others. Discrepancies
in fracture healing responses and final outcome seen in the cli-
nical practice may be attributed among other factors to biolo-
gical variations between patients and different genetic “profi-
les”, resulting in “altered” signalling pathways that regulate the
bone repair process. Preliminary human studies support a “ge-
netic” component in the pathophysiology of impaired bone re-
pair seen in atrophic non-unions by correlating genetic varia-
tions of specific molecules regulating fracture healing with non-
union. However, the role of the genetic “profile” of each indi-
vidual in fracture healing and final outcome, and its possible
interaction with other exogenous factors remains a topic of ex-
tensive research.
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Introduction

Bone repair is a complex, well orchestrated, physiological process
aiming to restore or maintain skeletal function. Particularly in
fracture healing and unlike other tissues that heal by the forma-
tion of scar tissue, bone is regenerated in response to the injury
with its pre-existing properties being largely restored and the
newly formed bone being, sometimes, eventually even indistin-
guishable from the adjacent uninjured bone (1). During the repair
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process, the pathway of normal embryonic development is re-
capitulated with the coordinated participation of several cell types
(2), involving the interaction of various complex signalling
pathways for bone induction and conduction, endochondral and
intramembranous ossification, and angiogenesis (3).

Although, bone regeneration remains to a great extent an unk-
nown cascade of biological events, the ongoing research in ske-
letal development, bone biology and fracture healing improved
our understanding of the cellular and molecular pathways that go-
vern the complex process of bone formation. A number of local
and systemic regulatory factors that interact with several cell ty-
pes, such as mesenchymal stem cells (MSCs) and osteoproge-
nitor cells recruited at the fracture-injury site or from the circula-
tion have been found to initiate and regulate the cascade of
events. Such molecules include pro-inflammatory cytokines [In-
terleukins 1 (IL-1) and 6 (IL-6), and tumour necrosis factor-
alpha (TNF-a)], bone morphogenetic proteins (BMPs) and other
members of the transforming growth factor-beta (TGF-p) super-
family, as well as other growth factors, including platelet-derived
growth factors (PDGFs), fibroblast growth factors (FGFs), insu-
lin-like growth factors (IGFs), angiogenic factors and metallo-
proteinases, as well as their receptors and inhibitors, forming
complex and interacting signalling pathways (3,4).

Gene expression during bone repair

The synthesis, activation and overall function of these molecu-
les/proteins during bone regeneration are being controlled by
different genes and regulated by complex mechanisms, which
still need to be elucidated. Even the exact number of the genes
and expressed proteins involved in fracture healing remains
unknown. In an animal study, evaluating the transcriptional
profiling of bone repair in a rat femoral fracture model, using
suppressive subtractive hybridization (SSH) to identify up-regu-
lated genes within the fracture callus, the molecular complexity
of the repair process has been demonstrated, with almost 600
known genes and over 100 presumably novel genes being ex-
pressed (5). Such genes included known extracellular matrix
(ECM) genes, like bone collagen types |, V, VI, and XII, cartila-
ge collagen types I, VI, and Xl, osteopontin, osteonectin, etc.,
various cytokines (e.g., IL-1, IL-6), growth and differentiation
factors and their receptors (e.g., BMPs, IGF-1, TGF, FGF,
PDGF), transcription factors, adhesion molecules, proteolytic
enzymes, matrix metalloproteinases, and other molecules (5).
More recently, the expression of the angiogenic vascular en-
dothelial growth factor (VEGF) and its receptors, during endo-
chondral bone repair, has also been shown in a mouse rib frac-
ture model (6).

Bone repair and clinical outcomes

Despite the complexity of bone healing at the molecular and
cellular level, and our lack of understanding regarding the
exact number of genes and molecules that regulate this biolo-
gical process, in the clinical practice, the clinicians are very “fa-
miliar” with the clinical and radiological progression of the bone
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repair process, as fractures of the skeleton are common, with
for example over 6,200,000 fractures occurring annually in the
United States (7). Although there are several factors that are
known to be associated with different “healing responses” seen
during bone repair, such as the type of fixation used and the
provided mechanical stability, the presence of gap at the frac-
ture site, the degree of soft tissue damage, open fractures, ad-
ministration of NSAIDs, smoking, etc. (8,9), and the bone re-
pair process is usually uneventful with healing rates up to 90-
95% (7), different “healing responses” are being observed
among fracture patients in the clinical setting. These include for
example differences in time to fracture union, and variations in
the amount of callus formation.

Moreover, “enhanced” or “impaired” healing responses fol-
lowing a fracture can also be occasionally observed. For
example, spontaneous repair of large femoral bone defects (up
to 15 cm) without associated head injury that healed unexpec-
tedly in patients waiting for a definitive skeletal reconstructive
procedure has been reported (10). On the other hand, impaired
healing response in the form of delayed union or non-union in
an overall 5-10% incidence of impaired healing responses (7)
can occur within “fracture patients” with similar risk factors and
fracture patterns, and even after low-energy closed fractures.

Bone repair and genetic variations

Given the still unknown complex “genetic” component of fractu-
re healing (as of any biological process) and the observed “di-
versity” of bone healing responses; the different final clinical
outcomes could be attributed, among other factors, to biologi-
cal variations between individuals. Furthermore, the importan-
ce of genes as causes of diseases or as predisposing factors
is indisputable and genetic variations among individuals do exi-
st with an unknown possible clinical significance and role to
phenotypic diversity (11). Therefore, it could be that genetic va-
riants within the genes expressed during fracture healing and
the unique genetic “profile” of each patient may result in a pos-
sible increased or impaired inherent potential for bone regene-
ration, by “altering” signalling pathways of bone formation at
the molecular level.

Even though little is known about the possible significance of
the genetic variations among patients within the genes expres-
sed during the “normal” uneventful fracture healing process,
there are a few studies that advocate a “genetic component” in
the pathophysiology of the impaired healing response seen in
fracture non-unions, and a possible genetic predisposition/su-
sceptibility in addition to their multifactorial nature (8). The defi-
nite role of genetic predisposition as an etiological factor for im-
paired bone healing has not been currently confirmed, but some
evidence from preliminary human studies correlate genetic alte-
rations of the molecules regulating fracture healing and their ex-
pression with impaired bone repair and the development of
atrophic non-union. These studies used specific genetic
markers, the so-called single nucleotide polymorphisms (SNPs),
to evaluate the different genetic “profile” of fracture patients and
specifically to assess for genetic variants within known genes
involved in fracture healing in patients with or without the deve-
lopment of atrophic non-unions. In the field of genetic research,
SNPs are new generation genetic markers (12), occurring when
a single nucleotide is changed (substituted), deleted or inserted
into the DNA sequence, and are identified using polymerase
chain reaction techniques (PCR) and genome sequencing (13).
SNPs are used to show genetic variability and the unique gene-
tic “profile” of each individual and relate genetic variations to
phenotypic diversity and disease propensity (14), also used to
assess the likelihood that someone will develop a disease or a
complex trait (susceptibility). However, they do not cause a di-
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sease and therefore they are associated (predisposing or pro-
tective) and not causing factors (11).

In summary these studies, showed that specific genetic va-
riants within various mediators of the fracture healing cascade
may be associated with the impaired bone repair process seen
in atrophic non-unions. Two SNPs within the genes encoding
for two known BMP inhibitory molecules (Noggin and Smad6)
were found to be associated with a statistically significant grea-
ter risk of fracture non-union (15). The BMP pathway is essen-
tial during bone repair, as BMPs are known powerful osteoin-
ductive factors (3); and therefore a different genetic “profile”
within these genes may potentially reflect diversity in bone for-
mation during bone repair. In addition, another study has
shown a significant association of a specific PDGF haplotype
and non-unions, indicating that polymorphisms within the
PDGF gene may represent a genetic risk factor for the deve-
lopment of non-unions (16). Finally, a recent study investiga-
ting genetic variations within genes regulating local antimicro-
bial response and bone healing demonstrated that specific ge-
netic variants of the Toll-like pathogen recognizing receptors
TLR 4 and the TGF- genes were observed in patients with im-
paired bone repair, which may indicate a possible susceptibility
to impaired pathogen recognition and elimination, leading to
prolonged pathogen existence in the fracture site and impair-
ment of the healing response (17).

Although there are only a few preliminary human studies that
correlate the genetic “profile” with the bone repair process,
there are also animal studies that suggest the possible role of
a “genetic element” for the different bone formation respon-
ses seen in healing fractures. In vivo studies demonstrated
that genetic variability among different inbred mouse strains
significantly contributes to the process of bone regeneration
(18), and genetic differences between mice strains seem to
affect the length of each stage of fracture healing and the
overall healing rate (19). Also, it has been suggested that ge-
netic alterations in negative regulators of fracture healing may
also alter fracture healing response and even accelerate bo-
ne formation (20).

Nevertheless, and to complicate things even further, the gene-
tic profile and specific genetic variants may interact with envi-
ronmental variants, without always resulting in loss of function.
For example, in an animal model on postnatal skeletal deve-
lopment, it was shown that genetic variants affecting skeletal
growth and strength may be buffered by environmental va-
riants, and only when they are not fully compensated, they are
expected to alter skeletal growth forming complex genotype-
phenotype relationships (21). Furthermore, the genetic profile
of each individual may be also influenced further by other bio-
logical processes that can occur during gene expression and
protein production, increasing further the biological complexity
of phenotypic and genetic heterogeneity. For instance, alterna-
tive splicing, which can occur up to 90% of all human genes,
allows the production of multiple proteins (isoforms) from one
gene, and they can contribute to the differences seen in normal
and pathological physiological processes (22).

Genetic profile and other orthopaedic conditions
and bone diseases

Research is also ongoing to assess the genetic profile of va-
rious bone diseases and other orthopaedic conditions, in an
effort to elucidate the role of genetics in their pathophysio-
logy. Such bone diseases and conditions include osteoporo-
sis, osteoarthritis, heterotopic ossification (HO), Paget’s di-
sease, osteonecrosis of the femoral head (ONFH), and
others. Extensive research on genetic variations and osteo-
porosis, has verified, to date, at least 15 genes including vita-
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min D receptor (VDR), lipoprotein receptor-related protein 5
(LRP5), sclerostin (SOST), osteoprotegerin (OPG),
RANK/RANKL, and collagen type | alphal (COLIA1), as
osteoporosis susceptibility genes, whereas, another >30 ge-
nes are promising candidate genes (23). Large genetic stu-
dies have also identified genetic variants within genes in si-
gnalling pathways involved in cartilage and bone biology, like
the BMP pathway (e.g. GDF5), genes in inflammatory
pathways and variants in the 722 region to be associated
with increased risk of osteoarthritis (24). Certain polymorphi-
sms close to four specific genes were also found to attribute
the majority of the genetic risk for Paget’s disease (25); and
even for the pathophysiology of stress fractures, specific ge-
netic “profiles” have also been suggested as potential predi-
sposing factors for increased fracture risk within military re-
cruits (26). Moreover, certain genetic variants in angiogene-
sis- and hypoxia-related genes were found to be associated
with an increased risk for development of non-traumatic
ONFH (27) and three other variants with the development of
post-traumatic HO (28). Finally, specific genetic “profiles” with
several genetic variations within different genes (like VDR, IL-
6, BMP-2) have also been associated with various spinal con-
ditions, such as disc degeneration, adolescent idiopathic sco-
liosis, and ossification of the posterior longitudinal ligament
(29-31).

Clinical significance and future directions

From the clinical perspective, the significance to elucidate the
role of the genetic “profile” of bone repair may be beneficial, as
simple genetic testing and analysis of genetic variants linked to
“normal” or “impaired” bone healing could be used to early
identify patients at risk of developing complications associated
with impaired bone healing like atrophic non-union. This could
expedite the on-time intervention at the biologic aspects of bo-
ne healing with biological response modifiers to enhance bone
formation and it could expand their clinical applications, if the
hypothesized role of genetic variations in the bone repair is
established. Finally, such knowledge will enable the design of
novel, more effective treatment strategies that promote bone
regeneration and even modified ones to suit the genetic profile
of the patient.

However, the role of the genetic “profile” in fracture healing and
final outcome, and its possible interaction with other exogenous
factors remains a topic of extensive research. Further studies are
necessary to validate the genetic profile of bone repair.
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