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Hypoxia-inducible factor (HIF) signalling is intricately involved in coupling angiogenesis and osteogenesis during
bone development and repair. Activation of HIFs in response to a hypoxic bone micro-environment stimulates the
transcription of multiple genes with effects on angiogenesis, precursor cell recruitment and differentiation.
Substantial progress has been made in our understanding of the molecular mechanisms by which oxygen
content regulates the levels and activity of HIFs. In particular, the discovery of the role of oxygen-dependent
hydroxylase enzymes in modulating the activity of HIF-1α has sparked interest in potentially promising
therapeutic strategies in multiple clinical fields and most recently bone healing. Several small molecules, termed
hypoxia mimics, have been identified as activators of the HIF pathway and have demonstrated augmentation of
both bone vascularity and bone regeneration in vivo. In this review we discuss key elements of the hypoxic
signalling pathway and its role in bone regeneration. Current strategies for the manipulation of this pathway for
enhancing bone repair are presented with an emphasis on recent pre-clinical in vivo investigations. These
findings suggest promising approaches for the development of therapies to improve bone repair and tissue
engineering strategies.

Introduction
Bone formation and repair rely on the regulated induc-
tion of new blood vessels within a growth zone
(Ref. 1). The intricate role of angiogenesis in bone for-
mation, beyond that of simply providing nutrients and
oxygen to proliferating tissue, displays a temporal
and spatial interdependence with osteogenesis
(Ref. 2). The molecular mechanisms that couple these
two processes are being discovered and exploited for
therapeutic and tissue-engineered approaches for bone
regeneration. Local delivery of angiogenic cytokines,
such as vascular endothelial growth factor (VEGF),
into repairing bone or within bone bridging scaffolds
has shown promising results (Ref. 3). However, these
methods have several potential drawbacks, slowing
clinical application, such as cost, stability and concerns
surrounding super-physiological doses of bioactive
proteins.
Tissue hypoxia is a critical driving force for angio-

genesis and is under the control of the hypoxia-indu-
cible factor (HIF) pathway (Ref. 4). Activation of the
HIF pathway stimulates the transcription of multiple
hypoxia response genes of which VEGF is a major
target (Ref. 5). Additionally, in bone, the HIF
pathway may also independently modulate osteogenic
precursor recruitment and subsequent function at sites
of bone formation (Ref. 6). Manipulation of hypoxic
signalling for tissue regeneration is a rapidly growing
area of multi-disciplinary research, and both genetic
and pharmacologic strategies have recently been

investigated for bone repair with exciting results.
Critical to the control of cellular HIF activity is the
discovery of oxygen-sensing hydroxylase enzymes
that destabilise HIF in normoxic conditions. Several
small molecules of low cost and proven clinical safety
profiles have been found to repress these enzymes inde-
pendently of oxygen status resulting in overexpression
of HIF and subsequent strong angiogenic and osteogenic
responses when delivered in vivo. This review provides
an overview of the role of the hypoxic signalling
pathway in bone regeneration. Current strategies for the
manipulation of this pathway for enhancing bone repair
are presented with an emphasis on recent pre-clinical
investigations. These findings suggest promising
approaches for the development of therapies to improve
bone repair and tissue-engineering strategies.

Hypoxia-inducible factors
HIFs act as cellular oxygen sensors that induce a
response to low oxygen tension (Refs 4, 7). HIF is a
αβ heterodimeric transcription factor that comprises
three functionally nonredundant α subunits; HIF-1α,
HIF-2α and HIF-3α and one HIF-1β subunit (Ref. 8).
Both α and β subunits of HIF are constitutively
expressed. However, the β subunit is most often
present in excess, whereas the functional expression
of the α subunit is regulated by an oxygen-dependent
post-translational mechanism (Ref. 1). In well-oxyge-
nated tissues (O2tension >5%), HIF-α displays one
of the shortest half-lives (<5 min) among cellular
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proteins (Ref. 2). Under this condition, specific prolyl
hydroxylase domain (PHD) enzymes hydroxylate
proline residues in the oxygen-dependent domain
(ODD) of the HIF-α subunit (Ref. 9). This reaction
mediates the rapid binding of the Von Hippel–Lindau
tumour suppression protein (pVHL) that subsequently
targets HIF-α for E3-ligase-mediated ubiquitination
and proteasomal degradation (Refs 10, 11) (Fig. 1).
Under hypoxic conditions, the enzymatic activity of
the PHDs is suppressed resulting in the accumulation
of cytoplasmic HIF-α and subsequent translocation to
the nucleus, where it dimerises with the β subunit
(Ref. 12). Upon the recruitment of various other tran-
scriptional co-activators this complex binds to
hypoxia response elements within the promoter area
of hypoxia-regulated genes to induce transcription
(Ref. 11). In addition to stabilising HIF-α, hypoxia
also promotes the ability of the HIF-α C-terminal trans-
activation domain (CAD) to interact with its major tran-
scriptional coactivators such as p300 (Refs 13, 14).
Under normoxia an asparaginyl hydroxylase, factor-
inhibiting hypoxia-1 (FIH-1), hydroxylates a conserved
asparagine residue within the CAD thus inhibiting the
ability of HIF-α to recruit its transcriptional apparatus
(Ref. 14).
Work by Wang and Semenza, provided some of the

initial evidence for the direct role of HIFs in the tran-
scriptional regulation of gene expression in response
to hypoxia (Ref. 7). To date, more than 100 putative

HIF target genes have been identified (Refs 15, 16).
These genes function in a multitude of biological pro-
cesses including energy metabolism, angiogenesis,
erythropoiesis, cell survival, apoptosis and pH regula-
tion (Ref. 2). HIF-1α and HIF-2α have both overlap-
ping and unique biological functions (Ref. 17). It
appears that regulation of expression of enzymes of
the glycolytic pathway is unique to HIF-1α, whereas
control of erythropoiesis is specific to HIF-2α.
However, angiogenic stimulation is common to both
(Refs 18, 19). Less is known about HIF-3α, which
seems to suppress hypoxia-inducible gene expression
in certain organs (Refs 20, 21).

Role of HIF-1a in bone formation and repair

Osteogenic–angiogenic coupling

During endochondral bone formation, chondrocytes
within the centre of growth plates proliferate and syn-
thesise an avascular extracellular matrix. As these
cells migrate towards the growth plate periphery they
differentiate into hypertrophic chondrocytes and
release molecular signals, including the pro-angiogenic
cytokine VEGF, that stimulate vascular invasion of the
growth plate (Ref. 22). The induction of blood vessels
coincides with the migration of osteoclastic precursors
and osteoblasts that remodel the cartilaginous template
and lay down new bone matrix (Ref. 23). Bone repair
recapitulates this process (Refs 24, 25) and in the initial
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FIGURE 1

HIF-α regulation. In well-oxygenated tissues HIF hydroxylases, PHDs and FIH downregulate the HIF-α subunit and decrease its transcriptional
activity. PHDs hydroxylate proline residues in the ODD of the HIF-α subunit. This reaction mediates the binding of the von Hippel–Lindau
tumour suppression protein (pVHL) that subsequently targets HIF-α for E3-ligase-mediated ubiquitination and proteasomal degradation.
FIH hydroxylates a conserved asparagine residue within the CAD thus inhibiting the ability of HIF-α to recruit its transcriptional apparatus.
Under hypoxia, the enzymatic activity of PHDs and FIH is suppressed resulting in the nuclear transportation of HIF-α and the formation of

an active transcription complex. Reprinted with permission from Macmillan Publishers Ltd. Schofield and Ratcliffe (16).
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phase of endochondral bone healing, inflammatory
signals within the fracture site stimulate the recruitment
of mesenchymal progenitor cells that differentiate into
chondroblasts and initiate callus formation (Ref. 24).
Following callus mineralisation, hypertrophic and
hypoxic chondrocytes signal for vascular invasion of
the callus which is followed by callus remodelling
into woven bone by osteoclasts and osteoblasts
(Ref. 24).
In both skeletal development and bone repair VEGF-

dependent blood vessel invasion into avascular cartil-
age is a critical step to the formation of bone (Ref. 1).
Gerber et al. showed that administration of a VEGF
receptor antibody, completely blocked neoangiogen-
esis in the growth plates of 24-day-old mice and
resulted in decreased trabecular bone formation.
Subsequent termination of the anti-VEGF treatment
was followed by capillary invasion, normalisation of
the growth plate architecture and restoration of bone
growth (Ref. 26). Similarly Street et al. demonstrated
that inhibition of VEGF in a mouse fracture model dra-
matically reduced angiogenesis, callus mineralisation
and bone formation (Ref. 27). Moreover exogenous
VEGF administration has been shown to enhance
bone formation in both mice and rabbit fracture
models (Refs 27, 28). A close temporal and spatial rela-
tionship exists between formation of bone and vascular
proliferation. Osteoblast precursors and endothelial
cells may be simply attracted to the same or simultan-
eous chemo-attractants produced by hypertrophic car-
tilage such as VEGF (Refs 1, 22). However, it is now
becoming established that mesenchymal stem cells
(MSCs) (Refs 29, 30) and early-differentiated osteo-
blast precursors (Refs 23, 31) reside within the walls
of blood vessels and are directly channelled into devel-
oping and regenerating bone areas during angiogenesis.
In addition, invading blood vessels also themselves
release factors termed angiocrine signals that affect
cell differentiation, bone growth and homoeostasis
(Ref. 32). This coupling of angiogenesis to osteogenei-
sis appears to require specific cross-talk between osteo-
progenitors, osteoblasts, osteoclasts and the endothelial
cells at a variety of levels (Ref. 33). Recently HIF-1α
has been shown to be central to this coupling phenom-
enon regulating both VEGF-dependent recruitment of
vessels into metabolically active areas of bone develop-
ment and also influencing the release of angiocrine
signals from the vessels themselves promoting osteo-
progenitor cell recruitment and activity in areas of
invading vasculature.

HIF-1α couples angiogenesis and osteogenesis

Classic studies by Birghton et al. demonstrated that
pericellular reduction in oxygen tension is a hallmark
of the condition within the epiphyseal plates during
bone development and is maintained within a fracture
callus during repair (Refs 34, 35). Since then, the
intimate relationship of HIF-1α and to a lesser extent
HIF-2α, to the regulation of osteogenic–angiogenic

coupling in bone development, haemostasis and
repair has been extensively studied (Refs 5, 33, 36,
37, 38, 39, 40, 41, 42). The research group of
Thomas Clemens performed some of the landmark
findings on the subject. Initially, the group showed
that primary mouse osteoblasts expressed all of the
components of the HIF regulatory pathway. During
osteoblast culture under hypoxia (2% O2), increased
nuclear translation of HIF-1α and HIF-2α was
evident, leading to upregulation of VEGF mRNA.
Mice overexpressing HIF-1α by conditional disruption
of pVHL in osteoblasts had striking increases in post-
natal femoral bone volume compared with controls
(Ref. 37). Increased osteoblast numbers were seen in
the mutants, whereas osteoclast numbers remained
the same compared with control mice. In contrast,
mice lacking HIF-1α in osteoblasts had femurs with
markedly decreased diameters and lower osteoid
volume (Ref. 37). Importantly, the bone volumes in
these two mutant mice directly correlated with the
amount of bone vasculature as measured by micro-
angiography (Ref. 37). In further work, the group
showed that mice with osteoblast HIF-2α knockdown
had only a modest decrease in trabecular bone
volume compared with those lacking HIF-1α
(Ref. 39). However, VEGF expression and blood
vessel formation showed similar decreases in the two
models. While both isoforms function to elevate
VEGF expression, certain expression patterns of HIF-
1α may also modulate bone formation by exerting
direct actions on osteoblasts (Ref. 1). Overall the
results of the Clemens group have demonstrated a
model for the role of the HIF-1α pathway in bone for-
mation. Osteoblasts residing in the nascent bone upre-
gulate HIF-1α in response to hypoxia, which activates
target genes that are secreted into the micro-environ-
ment and stimulate neo-angiogenesis, which in turn
brings in new progenitor cells and nutrients (Refs 2,
37) (Fig. 2).
A similar mechanism is implemented in bone repair

where the abrupt disruption of oxygen and nutrient
supply within a fracture site results in upregulation of
HIF-1α (Ref. 5). Komatsu et al. demonstrated temporal
upregulation of HIF-1α as well as of VEGF at both
transcriptional and translational levels in the fracture
callus of rat femora (Ref. 43). Work from the
Clemens Laboratory further established the role of
HIF-1α in skeletal repair using a mouse model of
tibial distraction osteogenesis (Ref. 8). Using their
established genetic mouse models for modulating
HIF-1α expression in osteoblasts, they showed signifi-
cantly increased vascularity and new bone formation
within the distraction gap in HIF-1α overexpressing
mice (P< 0.05). This outcome was VEGF dependent
and eliminated by secondary administration of VEGF
receptor antibodies. Mice lacking HIF-1α in osteoblasts
demonstrated opposite effects (Ref. 8).
While HIF-1α signalling is an essential upstream

regulator of blood vessel growth, HIF-1α activity is
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also central to the mechanisms by which endothelial
cells function to generate micro-environments specia-
lised to induce osteoprogenitor recruitment and osteo-
genic activity (Ref. 44). Recently Kusumbe et al.
demonstrated that the capillary endothelium within
bone vasculature of mice tibia demonstrates a unique
spatial and phenotypic heterogeneity distinguished by
two subpopulations of endothelial cell that they termed
typeHcells and typeL cells (Ref. 44). Subsequent immu-
nostaining revealed that osteoblastic precursor cells as
well as osteoblasts were selectively positioned around
the type H but not the type L cell endothelium.

Moreover, these type H endothelial cells displayed a
genetic upregulation of multiple growth factors with
known roles in osteoprogenitor cell survival and prolif-
eration. Using endothelial selective knock-down and
upregulation studies, the authors identified that the
expression of HIF-1α is a key positive regulator only
of the type H cells (Ref. 44). HIF-1α overexpression
led to pronounced expansion of the type H endothelium
and higher numbers of local osteoprogenitor cells.
Increased overall bone mass was also evident in these
mutants. Interestingly the expected decline of osteopro-
genitor cells in the long bone of aging mice correlated
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FIGURE 2

Regulation of osteogenesis–angiogenesis coupling by HIF. In hypoxic conditions osteoblasts upregulate HIF transcriptional activity, resulting
in the activation of multiple hypoxic response genes of which VEGF is a major target. VEGF acts on endothelial cells to induce angiogenesis.
This process increases the supply of oxygen and nutrients required for osteogenesis. Additionally, stem cells and osteoblast precursors residing
within the walls of blood vessels are directly channelled into regenerating bone areas during angiogenesis. Invading endothelial cells are also
responsible for the secretion of signals that generate micro-environments specialised for osteogenesis. Reprinted with permission from Wiley

Materials. Schipani et al. (2).
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with the loss of the H subset of endothelial cells without
a respective decline in type L cells. Pharmacological
stimulation of HIF-1α in these aged mice resulted in re-
expansion of the type H endothelium, increased levels
osteoprogenitor cells and overall significantly increased
bone mass over controls (Ref. 44).

Effect on progenitor cell recruitment

The work by Kusumbe provides evidence that HIF-1α
activation influences genetic cascades effecting osteo-
progenitor cell recruitment and activity. This effect
may be partially through the upregulation of VEGF,
which is known to exert some of its effect on bone
growth independently of angiogenesis through a
direct action on stem cell recruitment and differenti-
ation (Refs 1, 22). For example, Lui et al. showed
that intracellular VEGF expression within MSCs
drives differentiation towards osteoblasts rather than
adipocytes via an intracrine signalling loop (Ref. 45).
In addition to VEGF, hypoxic signalling governs
stem/progenitor cell recruitment through activation of
stromal cell-derived factor-1 (SDF-1) (Refs 46, 47).
SDF-1 is responsible for stem cell chemotaxis and
migration through an interaction with its cell surface
receptor CXC chemokine receptor 4 (CXCR4)
(Ref. 48). Specifically in bone, SDF-1 is induced
within periosteal cells of injured bone and promotes
repair by the recruitment of local as well as circulating
bone marrow derived osteoblastic precursors (Refs 47,
49). SDF-1 has been investigated for bone tissue engin-
eering applications and most recently has been shown
to enhance bone formation within scaffolds for critical
sized cranial defects by increasing the recruitment of
MSCs (Ref. 50). SDF-1 expression is also involved
in the recruitment of endothelial progenitor cells
(EPCs) into repairing tissues. Recent hypotheses
suggest the importance of these cells in enhancing
tissue re-vascularisation via de novo vessel formation
(vasculogensis) rather than vessel sprouting and inva-
sion from surrounding intact vessels (angiogenesis)
(Ref. 51). Cerandi et al. first demonstrated evidence
that HIF-1α stabilisation is directly responsible for
the upregulation of SDF-1 in injured tissues in response
to sudden hypoxia (Ref. 46). Additionally increased
expression of HIF-1α within MSCs and HSCs results
in upregulation of CXCR4 expression (Ref. 52) sug-
gesting that activation of the HIF-1α pathway results
in enhancement of both the trafficking stimulus
(SDF-1) and receptor (CXCR4) for progenitor cell
recruitment.

Effect on osteoblasts and osteoclasts

In vitro work has attempted to determine direct effects
of hypoxia and hypoxic signalling on self-regulatory
activity within osteoclasts and osteoblasts. Phenotypic
studies examining the proliferation and differentiation
of pre-osteoblasts and primary osteoblasts cultured
under variable oxygen levels have demonstrated con-
trasting and inconclusive results (Refs 53, 54, 55, 56).

Similarly, genetic profiling studies examining modula-
tion of crucial signalling pathways in osteoblasts in
response to hypoxia and HIF-1α activation report
directly contradictory findings (Refs 57, 58). There is
no clear consensus on the overall biological response
of HIF-1α expression on autonomous osteoblast activ-
ity, although secretion of VEGF from osteoblasts in
response to hypoxia has not been discounted.
The differentiation of monocytes into bone resorbing

osteoclasts is crucial in the initial stages of fracture
repair. Local accumulation of receptor activator of
NF-κB ligand (RANKL) stimulates osteoclast differen-
tiation. RANKL signalling is one of the major molecu-
lar differentiating factors between autograft assisted
bone healing over allograft, suggesting the necessity
of robust osteoclastic activity for conferring autograft
properties to allograft and synthetic bone graft substi-
tutes (Ref. 59). Recent evidence points towards
hypoxic signalling being intimately involved in the dif-
ferentiation and activity of osteoclasts (Ref. 6). Arnett
et al. found that hypoxic conditions significantly
increased the number and size of osteoclasts that
formed from RANKL/M-CSF-treated 7-day mouse
bone marrow cultures. The effect was most dramatic
at 2% O2 and resulted in a 21-fold increase in resorptive
activity (P< 0.001) (Ref. 60). Similar results were
demonstrated using cultures of human peripheral
blood mononuclear cells (Ref. 61). This effect could
be HIF-1α dependent, as silencing of HIF-1α during
hypoxic culture of mature human osteoclasts ablated
the increased resorptive activity (Ref. 62), while the
addition of HIF-2α siRNA had variable effects
(Ref. 63). Moreover, activation of HIF-1α through
administration of PHD enzyme inhibitors stimulated
osteoclastic resorption two to 3-fold in assays of
lacunar dentine resorption (P< 0.001) (Ref. 63).
Conversely other results show inhibitory effects of
PHD inhibitor mediated HIF-1α activation on osteo-
clastogenesis and upregulation of apoptotic mediators
in osteoclasts (Ref. 64). From the above findings it is
possible to infer that HIF-1α is more directly involved
in osteoclast mediated resorption rather than early
osteoclastogenesis and proliferation. Bone resorption
is energy demanding, and osteoclasts undergo a meta-
bolic switch during the course of differentiation so as to
meet the increased demand in ATP (Ref. 65). HIF-1α
expression has been postulated to coordinate this meta-
bolic adaptation by increasing the transcription and
subsequent expression of glucose and glutamine trans-
porters to facilitate glycolysis and glutaminolysis
(Ref. 65).

Therapeutic strategies targeting HIF-1α
Activation of the HIF-1α signalling pathway results in
angiogenesis, recruitment of progenitor cells and even
has direct effects on differentiation and activity of
osteoblasts and osteoclasts. Substantial progress has
been made in our understanding of the molecular
mechanisms by which oxygen content regulates the
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levels and activity of HIFs. The discovery of the indis-
pensible role of oxygen sensing hydroxylase enzymes
(PHD and FIH-1) in modulating expression and activ-
ity of HIF has sparked interest in potentially promising
therapeutic strategies in multiple clinical fields and
most recently in bone healing.

Gene therapy

The importance of several discrete HIF-1α amino acid
residues on its regulation has generated interest in gene
therapy strategies to create HIF-1α constitutively
expressing transplantable stem cells for bone regener-
ation. In humans, pVHL mediated HIF-1α degradation
is dependent on the hydroxylation of Pro402 and
Pro564 within the 200-amino-acid oxygen-dependent
degradation domain (ODD) (Ref. 66). Hydroxylation
of a third amino acid (Asn803), found at the C-terminal
transactivation domain of FIH-1, blocks the interaction
of HIF-1α with its nuclear co-factors thereby repressing
transcription of HRE genes (Ref. 67). In a series of
publications, Zou et al. reported several HIF-1α DNA
constructs with specific mutations aimed at abrogating
the ability of PHD and FIH-1 to suppress HIF-1α activ-
ity in normoxic conditions (Refs 68, 69, 70). Bone
marrow MSCs transduced with these genes were
subject to in vitro culture and subsequently seeded
within ceramic or gelatin scaffolds for evaluation in
rat cranium critical sized defects (Refs 68, 69, 70).
The results showed a marked increase in transcription
and translation of multiple pro-angiogenic factors in
cultured cells by qPCR and Western Blot analysis.
Alkaline phosphate expression as well as Alizerine
Red staining was also significantly observed in
culture demonstrating the ability of HIF-1α activation
to promote the osteogenic activity of BMSCs
(Refs 69, 70). Eight weeks after BMSC delivery with
gelatin scaffolds there was markedly increased new
bone formation within the scaffolds seeded with
HIF-1α BMSCs as compared with nontransduced
BMSCs (Micro-CT bone volume fraction 72 versus
17.5%, P< 0.01) (Ref. 70). Micro-angiography showed
significantly increased vascularity (vessel number and
volume P< 0.01) (Refs 68, 70). HIF-1α BMSCs
seeded within calcium–magnesium phosphate cement
accelerated degradation of the scaffold and increased
new bone formation within the scaffolds pores as
compared with controls (Ref. 69).
HIF-1α transduced BMSCs have also been used to

promote the repair of the necrotic tissues in a rabbit
model of corticosteroid-induced femoral headosteonecro-
sis (Ref. 71).Aftercoredecompressionof thenecrotic area
of the femoral head, fluorescently labelled transplanted
cells were shown to survive for at least 4 weeks after
the transplantation. Using micro-angiography, micro-CT
and histomorphometric analysis, Ding et al. showed
significantly (P< 0.01) higher vasculature, increased
bone volume and improved bone quality within the
femoral head following HIF-1α BMSC transplantation
compared with nontransduced BMSCs (Ref. 71).

While HIF-1α gene therapy shows some experimen-
tal promise, multiple barriers exist to translate the tech-
nology into clinical applications. As with any genetic
manipulation of osteogenic and angiogenic factors
for tissue repair, the ethical considerations and poten-
tial tumorigenic risks must be properly taken into
account. Moreover, given the need for cell expansion,
a process that requires several weeks of culture in a
laboratory, the efficacy, cost and practicality of using
transgenic cell therapy currently limits clinical applica-
tions (Refs 72, 73).

Hypoxia mimicking agents

One ofmost intriguing aspects in developing therapeutics
that targetHIF-1α is the discoveryof smallmolecules that
can effectively stabilise HIF-1α in normoxic conditions
by blocking the hydroxylation reactions of PHD and
FIH. The PHD proteins are members of a larger super-
family of oxidative enzymes that require molecular
oxygen and the citric acid cycle intermediate 2-oxogluta-
rate (2OG) as co-substrates and depend on Fe+2 as a
cofactor for enzymatic activity (Ref. 17). While three
human PHD isoforms (PHD1, PHD2 and PHD3) exist,
PHD2 appears to be the most ubiquitously expressed
and likely responsible for regulation of HIF-1α during
normoxia (Ref. 74). Moreover, PHD2 levels are specific-
ally induced by HIF-1α activation and may serve as a
feedback loop to increase HIF-1α degradation upon re-
oxygenation (Ref. 17). Similarly FIH-1, responsible for
hydroxylation of HIF-1α Asn803, is also an Fe+2 and
2OG-dependent oxygenase.
The hydroxylation reaction mediated by PHD2 and

FIH-1 requires a series of steps. Fe+2 is first coordi-
nated at the enzyme active site, which then allows for
sequential binding of 2OG followed by the substrate
amino acid residues of HIF-1α. Binding of free
oxygen leads to the decarboxylation of 2OG and the
formation CO2, succinate and a highly reactive
Fe(IV)=O intermediate that subsequently hydroxylates
HIF-1α (Ref. 17) (Fig. 3). The understanding of this
mechanism of action has led to the exploration of
multiple hydroxylase inhibitors that function by either
removing iron from the micro-environment through che-
lation or by competitive inhibition at the enzyme’s active
site for Fe+2, 2OGorHIF-1α. In the following section is a
summary of the current data exploring the in vivo appli-
cation of hypoxia mimics to augment bone revascularisa-
tion and regeneration (Table 1).

Iron chelators as hypoxia mimics. In 1993, Wang et al.
presented some of the first evidence that HIF-1α activ-
ity can be induced in vitro by treatment with the iron
chelator Desferoxamine (DFO). Gleadale et al. subse-
quently reported that DFO as well as hydroxypyridinon
chelators, were able to modulate the expression of
pro-angiogenic genes inmultiple cell lines in a near iden-
tical fashion to hypoxic culture conditions (Ref. 75). It is
nowwell recognised that various ironchelators can stabil-
ise the activity of HIF-1α indirectly by inhibiting PHD2
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and FIH-1 in normoxic conditions (Refs 76, 77).
Compared with other oxygenases, the binding of Fe+2

within the active site of 2-OG-dependent oxygenases is
relatively labile and therefore removal of iron from the
cellular micro-environment is a likely mechanism by
which iron chelation reduces the function of these
enzymes (Ref. 16). Since then, multiple studies have
explored the use of DFO for augmenting tissue healing
in numerous clinical contexts including cerebral,
cardiac and limb ischaemia (Refs 78, 79, 80). Pre-clinical
investigation of DFO therapy in bone healing was first
documented by Clemens and colleagues (Ref. 33).
Mouse MSCs cultured with 50 μM of DFO under nor-
moxia resulted in a 5-fold increase in VEGF expression
determined by qPCR. Eight-week-old mice were sub-
jected to tibial distraction osteogenesis, and injected
with 20 μl of DFO (200 μM) or saline, as a control,
into the distraction gap every other day from days
7–17 after surgery. DFO increased vascularity in the dis-
traction gap, as demonstrated by markedly increased (P
< 0.05) vessel numbers and vessel connectivity mea-
sured by micro-angiography. At day 31, X-ray and
micro-CT analysis showed significantly increased (P<
0.05) bone volume fraction within the distraction gap

in the DFO treatment group compared with controls
(Ref. 33). In a follow-up study, five doses of DFO (20
μl of 200 μM solution) were injected directly into the
fracture gap of an intramedullary stabilised mouse tibia
fracture from time of surgery to post-op day (POD)
ten. At POD14 micro-CT angiography demonstrated
increased vascularity (P< 0.05) in the treatment group
with a statistically significant quantitative increase in
vessel number and vessel volume. Micro-CT scanning
at POD28, showed a marked and statistically significant
(P< 0.05) increase in total volume and bone volume of
the fracture callus in the DFO group (Ref. 81).
Using a similar methodology, Buchman and collea-

gues reported a series of studies examining the effect
of local DFO injections into the distraction gap of a rat
mandibular DO model. They showed that 300 μl of
DFO (200 μM) injected every 48 h during the active dis-
traction period (POD 4–12) resulted in a robust increase
in vascularity by POD28 compared with saline injected
controls. A 40% (P< 0.05) increase in the number of
vessels was determined by micro-angiography morpho-
metric analysis (Ref. 82). DFO treatment also accelerated
bone consolidation (Ref. 83). Using a 28-day healing
time of saline injected mandibles as a fully consolidated

O

O

O

FeIIFeII

Asp

His

His

R

H

H
C

Substrate
O

O

O
O

O

O

O

O

O2

FeIV

Asp

His

His

R

O

R

FeIV

Asp

His

His

O

O

O

Asp

HisH2O H2O

CO2

CO2

H2O
2OG

CO2
Succinate

His

R

Coordination of Fe(II)
followed by 2OG

Binding of substrate
(e.g. HIF-a)

Binding of
molecular oxygen

Hydroxylation of substrate

Formation of highly reactive Fe(IV)=O
intermediate and succinate and CO2 coproducts

FeII

Asp

HisOR

His

H

H
C

H

H
C

H

ProductOH
C

The mechanism of the prolyl hydroxylases
Expert Reviews in Molecular Medicine

FIGURE 3

The mechanism of the prolyl hydroxylases. Initially Fe+2 is coordinated at the enzyme active site. This allows for sequential binding of 2OG
followed by the substrate amino acid residues of HIF-1α at the active site. This process is followed by binding of oxygen to the iron centre,
leading to decarboxylation of 2OG and the formation of a highly reactive Fe(IV)=O intermediate. This intermediate is responsible for hydrox-

ylation of specific amino acids on HIF-1α. Reprinted with permission from Mary Ann Liebert, Inc.
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control, the group compared micro-CT and biomechan-
ical bonemetric data obtained at earlier time points of 14
and 21 days from both DFO-treated and saline-treated
mandibles to the fully consolidated control. At 14
days, the DFO group demonstrated significant increases
in bone volume fraction and bone mineral density (P<
0.05) in comparison with nontreated controls.
Furthermore, these metric values of the treatment
group were close to 100% of those in the fully consoli-
dated 28-day control group. However, comparison
between the treatment and control groups at day 28
showed no statistical difference indicating that the
bone growth in the control group ‘caught up’ to the
accelerated experimental group at the later time point.
Mechanical testing revealed that bone stiffness, yield
and ultimate load at the 21-day time point in the DFO
group was comparable with values obtained for 28 day
controls (Ref. 83). Together these results show that
angiogenic enhancement during DO by DFO therapy
can accelerate bone regeneration and shorten consolida-
tion periods.
To explore the use of DFO in augmenting bone

regeneration and vascularity in conditions of poor
tissue growth, these experiments were repeated with
an irradiated murine mandibular DO model. Using
the above-described DO protocol, they showed that
administering human equivalents of pre-operative radi-
ation profoundly decreased the density (P< 0.005)
and number of vessels (P< 0.001) within the distrac-
tion gap after a 28-day healing period (Ref. 84).
Interestingly, local DFO therapy effectively reversed
this hypovascularity with objective restoration of all
vascular metrics to levels close to nonradiated controls
(Ref. 84). After a 40-day healing time, bone volume
fraction and mineralisation, as well as biomechanical
strength in DFO-treated irradiated mandibles were sig-
nificantly increased as compared with irradiated saline-
injected samples. The bone metric values observed in
the DFO-treated group were restored to a similar level
as nonradiated controls with bone volume fraction
and mineral density values actually demonstrating sig-
nificantly higher results (Ref. 85). Moreover, the DFO
treatment increased union rate from 11% in irradiated
mandibles to 92% after DFO therapy (Ref. 85).
Using an irradiated mandibular fracture model stabi-

lised with an external fixator, Donneys et al. demon-
strated the therapeutic potential of local DFO
injections in improving bone regeneration following
radiation (Refs 86, 87). Rats subjected to pre-operative
radiotherapy and mandibular osteotomy demonstrated
reduced vascular density (Ref. 87), diminished callus
size (P< 0.001) and decreased quantifiable radio-
graphic and biomechanical bone metrics (P< 0.001)
(Ref. 86) as well as a 75% incidence rate of nonunions
after a 40-day healing period (Ref. 87). Local DFO
injection (300 μl of 200 μM) every 48 h from post-op
day 4–12, significantly improved vascularity, callus
size (2-fold) and bone metrics (1.5-fold BVF and 3-
fold BMD 2.5–3-fold in biomechanical parameters)

compared with nontreated irradiated mandible fractures
(Refs 86, 87). DFO treatment again brought values
within close range to nonirradiated controls. Bony
union occurred in 67% of the DFO-treated group com-
pared with 25% of radiated fractures without treatment
(Ref. 87).
DFO has also been explored to augment the integra-

tion of bone-bridging scaffolds. Steward et al. used
DFO to improve vascular invasion and bone regener-
ation within a biodegradable polypropylene fumar-
ate/tricalcium phosphate scaffold in a rat femoral
defect model (Ref. 88). Cylindrical scaffolds 5 mm
long were created with four dicalcium phosphate dihy-
drate cement portals that were each loaded with DFO
(30 μl of 400 μM) or saline. After implantation,
animals underwent a healing period of 12 weeks.
Vessel number assessed by micro-angiography was
approximately doubled in the DFO group compared
with saline controls and vessel volume trended
upwards without reaching significance. Micro-CT
quantified bone volume was increased but not statistic-
ally different from saline controls (Ref. 88). Zhang and
colleges used a bovine true bone ceramic (TBC) scaf-
fold coated with type I collagen and soaked in a
2 mM DFO solution to repair 1.5 mm rabbit radial
defects (Ref. 89). They analysed the bony ingrowth
after an 8-week implantation period into the DFO-
loaded scaffolds compared with nonloaded controls.
Bone volume fraction quantified by micro-CT was
close to double in the DFO-loaded scaffold compared
with controls (P< 0.001) (Ref. 89).
Results obtained from sustained local injections of

DFO appear to induce greater de novo bone growth
than those currently seen with attempted scaffold
drug delivery systems. From a clinical standpoint,
finding an adequate carrier agent for DFO that would
avoid the need for multiple injections into healing
tissue would be ideal. Hertzberg et al. analysed
calcium sulphate pellets, collagen sponges and demi-
neralised cortical bone matrix as potential controlled
release systems for DFO using a foetal mouse metatar-
sal angiogenesis assay (Ref. 90). 150 μM DFO were
added to each material, which were subsequently
added for 24 h to incubation media of cultured
mouse metatarsals. Visual grading scales of angiogenic
sprouting was assessed and compared with a 50-μM
DFO positive control as well as a negative control
media. There was evidence of angiogenesis with all
three carriers, but DFO-loaded calcium sulphate
pellets significantly increased all vascularity grading
systems compared with negative controls and displayed
values closest to the positive control media. When
exposing the CaSO4 pellets to control media for 30
min prior to adding them into the angiogenesis assay,
vascularity somewhat decreased indicating that there
was rapid release of DFO from the material. While
these experiments do show the stability of DFO when
added to different materials the sustained release from
commonly used engineered scaffolds remains to be
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determined. In our laboratory, we have used a validated
High Performance Liquid Chromatography assay to
record the release profiles of DFO from dicalcium
phosphate cements as well as multi-layer chitosan
and alginate polymer drug carriers. In all the cases,
there was rapid release of DFO from these materials
with over 95% release within 24 h of incubation in
physiologic buffer. Additional work needs to focus
on slowing the release of DFO from biomaterials for
tissue engineering strategies.
In theory any Fe+2 chelator may work in a nonselect-

ive manner to stabilise intracellular HIF-1α activity.
Cho et al. showed that iron chelators displayed differen-
tial effects for PHD and FIH in cells depending on their
iron specificity and membrane permeability rather than
in vitro enzyme blocking potencies (Ref. 77). Fe+3 is
the predominant ionic form in the extracellular fluid,
while Fe+2 ions are abundant in the cytoplasm and
are required for PHD and FIH function (Ref. 91).
External Fe+3 is transported into cells via transferrin/
transferrin receptor-mediated endocytosis. In the endo-
some, Fe+3 is reduced to Fe+2 and transported into the
cytoplasm (Ref. 91). DFO is a nonspecific iron chelator
and displayed higher isolated enzyme inhibition of
both FIH and PHD than the other specific Fe+2 chela-
tors such as 1,10-phenanthroline (PHT) and dipyridyl
(DP) (Ref. 77). However, PHT and DP were able to
induce expression of HIF-1α and hypoxia response
gene EPO in significantly higher amounts than DFO
at similar concentrations in Hep3B and HELA cell cul-
tures. These specific Fe+2 chelators PHT and DP are
able to freely cross the cellular membranes and directly
access and deplete the intracellular Fe+2 without it
being first bound to extracellular Fe+3. DFO is
unable to cross cellular membranes by diffusion, but
has been reported to enter cells via pinocytosis and
can remain within cellular lysosomes and possibly
reduce intracellular iron stores through nonspecific
lysosomal uptake (Ref. 92). Additionally, DFO exerts
its action by reducing pericellular Fe+3 concentration,
limiting its availability for intracellular iron uptake.
PHT and DP were able to prevent Asn803 hydroxyl-
ation by FIH inhibition, whereas DFO was not. The
authors suggested a potential mechanism whereby
DFO is sufficient for stabilisation of HIF-1α through
PHD inhibition, while pre-existing Fe+2 in the cyto-
plasm may be sufficient to maintain the activity of
the more potent iron-binding hydroxylase FIH-1
(Fig. 4). De Boer and colleagues identified that PHT
induces a high expression of hypoxia-target genes
when compared with DFO (Ref. 93), highlighting the
importance of in vivo testing of membrane permeable
Fe+2 selective iron chelators, since they likely have
less systemic effects by virtue of not binding extracel-
lular iron.
So far, no clinical trials examining the local admin-

istration of iron chelators for augmenting bone repair
have been attempted. DFO is an FDA-approved medi-
cation that has been used for managing iron levels in

patients since the 1970s with clinical side effects
only related to long-term use (Ref. 94). Its demon-
strated safety and history of use is probably a factor
in the prevalence of studies on this molecule over
other hypoxia mimics. It is difficult to extrapolate
any potential bone regenerative therapeutic effects of
DFO from clinical data on patients undergoing
chronic chelation therapy given their significant con-
founding pathologies. Young patients with transfu-
sion-dependent thalassemia and increased total iron
levels have a high prevalence of bone disease including
significant reductions in bone mineral density,
increased fractures, deformity and chronic bone pain
(Refs 95, 96, 97). Recent clinical data have suggested
that elevated total body iron storage is an independent
risk factor of accelerated bone loss even in healthy
populations (Ref. 98). The proposed mechanism of
iron-induced bone loss is likely through oxidative
stress that progresses as physiological iron-binding pro-
teins are overwhelmed and labile-free iron catalyses the
formation of reactive oxygen species (Ref. 99). DFO
administration has been shown to attenuate oxidative
stress and bone loss in iron-overloaded zebrafish
(Ref. 100). Any evidence of a protective effect of
DFO on iron overload bone disorders in clinical data
remains elusive due to the impossibility of comparing
transfusion-dependent patients with and without chela-
tion therapy. On the contrary, some studies attribute
stunted paediatric bone growth and spinal deformities
in young thalassemia patients directly to chronic DFO
therapy (Refs 101, 102). Wong et al. published the
first longitudinal study examining bone mineral
density in thalassemia patients over 19 years
(Ref. 103). They found an accelerated reduction in
BMD at the femoral neck in the last 5 years of the
study as compared with previous 7 years (2.5-fold
increase). This coincided with the time that DFO treat-
ment was changed in the study institution to a newer
oral chelator, Deferasirox (Ref. 103). As both drugs
function to effectively chelate iron, the authors attribute
this finding to possible secondary effects of
Deferasirox such as renal tubular dysfunction and
renal phosphate wasting as aetiologies for lowering
BMD. However, it should not be ruled out that DFO
might also have actions that result in reduction to skel-
etal tissue damage and maintenance of bone density.
While augmentation of angiogenesis and osteogenesis
after the local application of DFO in pre-clinical
models is convincingly due to activation of the HIF-
1α pathway, other undiscovered effects of DFO on
bone remodelling other than iron chelation may be con-
tributing to its reported pre-clinical efficacy. The direct
inhibition of PHD and FIH enzymes by binding of
DFO to the active site has been suggested (Ref. 17).

Active site competitors. N-oxaloylglycine (NOG) is a
2-oxaloglutarate (2OG) analogue in which the C-3
methylene group is substituted for an NH, thus prevent-
ing its ability to act as a co-substrate for 2OG-dependent
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oxygenases (Ref. 104). Dimethyl-oxalylglycine (DMOG)
is a derivative of NOG that can penetrate cell mem-
branes and induces HIF-1α in cell culture assays
(Refs 9, 105). DMOG has been shown to enhance the
angiogenic and osteogenic activity of adipose stem
cells (ASCs) through activation of HIF-1α. Rats with
critical-sized calvarial defects treated with hydrogels
containing DMOG preconditioned ASCs had more
bone regeneration and new vessel formation than rats
treated with a nonpreconditioned cells (Ref. 105).
Shen et al. injected DMOG (20 μl of 500 μM) into
the fracture site of a stabilised mouse femur fracture
model every 48 h from surgery till post-op day 10
(Ref. 81). The DMOG group trended towards increased
vascular metrics by micro-CT but unlike DFO-treated
femurs, they did not reach statistical significance.

Micro-CT bone metrics at 4 weeks were significantly
increased with DMOG treatment, while biomechanical
data showed a trend in increased resistance to torsional
force (Ref. 81).
Transition metals such as cobalt can function as a

hypoxia mimetic by substituting iron within the
active site of PHD and FIH-1 rendering the catalytic
activity dysfunctional (Ref. 16). Xiao and colleagues
showed that low amounts of Co (<5%) incorporated
into mesoporous bioactive glass scaffolds significantly
enhanced VEGF protein expression as well as osteocal-
cin expression in bone marrow stromal cells (BMSCs)
cultured on the scaffolds for 7 days (Ref. 106). HIF-1α
protein expression was also elevated in a dose-
dependent manner. The same group constructed a
dual-layered synthetic periosteum by embedding

Accumulation of HIF-1a
and no Asn803
hydroxylation

PHD FIH

DP/PHT-Fe2+
Fe2+Fe2+

Fe3+DFO-Fe3+ DP/PHT

DMT1

TfR

TF

Fe2+
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HIF-1a

Accumulation of HIF-1a
and partial Asn803
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PHD and FIH inhibition by iron chelators according to their iron specificity and
membrane permeability
Expert Reviews in Molecular Medicine

FIGURE 4

PHD and FIH inhibition by iron chelators according to their iron specificity and membrane permeability. Fe+3 is transported into cells by trans-
ferrin (TF)/transferrin receptor (TfR)-mediated endocytosis. Within the endosome Fe+3 and converted to Fe+2 which is then transported to the
cytoplasm. BPS is a strict Fe+2 chelator that cannot cross cell membranes and therefore results in a minimal chelation of cytoplasmic Fe+2,
correlating with its poor inhibition of HIF hydroxylases. DFO chelates external Fe+3 decreasing the iron transported within the cell.
However, DFO cannot readily cross cell membranes and therefore does not block the function of the pre-existing cytoplasmic Fe+2. This
explains why DFO may be sufficient to inhibit the PHD activity, but may not be enough to fully inhibit the FIH activity. In contrast PHT,
can be internalised into cells by diffusion and directly chelate the cytoplasmic Fe+2, which may induce the simultaneous deactivation of

PHD and FIH activity. Reprinted with permission from Wiley Materials. Cho et al. (77).
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osteogenic differentiated BMSCs combined with
CoCl2 pre-treated BMSCs within a type I collagen
scaffold (Ref. 107). Control scaffolds were made
using only osteogenic differentiated BMSCS or nondif-
ferentiated BMSC cells. Engineered periostea were
tested for osteogenic and vasculogenic parameters in
a mouse ectopic (subcutaneous) and orthotopic
(cranial partial thickness defect) model. Two weeks
after subcutaneous implantation, the CoCl2 group
showed greater volume of mineralised areas by
micro-CT and Von Kossa staining. Double staining
with Von Kossa and von Willebrand Factor stains
revealed a close relationship between mineralisation
and vessel distribution. In the cranial model, implants
carrying CoCl2-treated BMSCs had significantly
greater volume of mineralised areas (P< 0.001),
more histologically confirmed de novo bone tissue
(P< 0.001), and a greater degree of vascularisation
than the other implants (P< 0.001) (Ref. 107).
Low concentrations of cobalt ions have been shown

to directly increase osteoclast differentiation and
resorptive functions (Ref. 108). Cobalt chrome alloy
is widely used in orthopaedic and dental implants.
After implantation, the surrounding bone and soft
tissues are exposed to particulate debris and elevated
metallic ion release (Refs 109, 110). It has been
hypothesised that observed osteolysis and aspetic loos-
ening during the lifespan of the implant could be in part
due to cobalt-induced osteoclastic activity at the tissue
implant interface (Refs 108, 111). Patntirapong et al.
demonstrated that osteoclast differentiation and func-
tion was unregulated after culture on plates coated
with calcium phosphate containing traces of cobalt
ions, mimicking peri-prostetic mineralised tissue incor-
porated with cobalt debris (Ref. 108). This group
demonstrated that cobalt-induced osteoclastic activity
may occur through activation of the HIF-1α pathway
(Ref. 112). These findings open the door to the possible
use of HIF-1α blocking agents commonly explored for
cancer therapeutics (Ref. 113) to be translated for solu-
tions aimed at reducing hypoxia or hypoxia-mimicked
osteoclastic activity.

Potential adverse effects of osteogenic
HIF-1α activation
The use of hypoxia mimics as therapeutics in bone
repair is potentially an appealing strategy. However,
disturbing the closely regulated interplay between
angiogenesis and osteogenesis may lead to bone and
haematological pathology, which needs to be carefully
assessed and explored.

Pathological bone

Recently, Maes et al. explored the consequences of
increased VEGF expression in adult bone, using a
genetic mouse model in which VEGF overexpression
could be temporally controlled and confined to endo-
chondral bone (Ref. 114). Brief VEGF overexpression
induced a dramatic stimulatory effect on both

angiogenesis and osteogenesis. However, the effects
quickly turned pathological, as VEGF induction for
only 2 weeks resulted in severe osteosclerosis and
bone marrow fibrosis. Furthermore, the bone vascular-
ity, although increased, exhibited a pathological
morphology. These mice also showed evidence of
increased mobilisation of hematopoietic cells to the cir-
culation and the spleen as well as evidence of increased
extramedullary haematopoiesis. Together these find-
ings resemble the pathological changes seen in the
musculeoskeletal and the haematological systems of
patients suffering from myelofibrosis-associated bone
disease (Ref. 114). As such, it is crucial that more
work is performed on optimising the dosing and con-
trolled local release of hypoxia mimics to avoid these
potential adverse effects.

Hypertrophic scaring

Wound healing involves a complex series of interac-
tions between cells, chemical signals and extracellular
proteins. Alterations in these processes can result in
abnormal scar formation after surgery. For instance,
an excessive fibrogenic response leads to hypertrophic
scars and keloid formation which are often painful,
itchy and prone to contracture development (Ref. 115).
Elevation of HIF-1α has been observed in keloid and
scleroderma tissues compared with normal skin.
Hypoxia mimics used in vitro and in vivo have been
shown to increase the proliferation of fibroblasts as well
as the production of extracellular matrix proteins from
dermal fibroblasts (Refs 89, 116). Using these drugs for
bone regeneration may also affect the overlying dermal
tissues in normal skin. However, given that clinical situa-
tions of compromised bone healing often coincide with
significant soft tissue damage, the local use of hypoxia
mimics may positively affect wound healing.

Polycythemia

One of the first HIF targets identified was EPO, an
essential growth factor that stimulates the production
of RBCs from bone marrow and maintains their viabil-
ity (Ref. 117). Since then, HIF activators have been
investigated as therapeutic agents for treatment of
anaemia with several molecules currently in clinical
trials (Ref. 118). The kidney is the primary site for
EPO production in adults, with the liver and brain
also able to produce significant levels under stress con-
ditions (Ref. 119). Recently Rankin et al. showed that
mice possessing osteoblasts with constitutive activation
of HIF signalling, displayed enhanced erythropoiesis
marked by the development of severe polycythemia
by 8 weeks of age (Ref. 120). This elevated bone
EPO expression occurred in a HIF-2α-dependent
manner. While the discovery that osteoblasts have the
capacity to regulate EPO expression in bone and in
turn to directly modulate erythropoiesis raises exciting
possibilities for the treatment of anaemia, it may be det-
rimental if this pathway is activated in patients with
regular RBC levels. Polycythaemia places patients at
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risk of venous or arterial thrombosis (Ref. 118), which
can result in significant and even fatal cardiovascular
and pulmonary complications. This is seen in patients
with Chuvash polycythaemia who have a high prema-
ture mortality because of thrombotic and haemorrhagic
vascular complications. These patients express con-
genital mutations in the VHL protein resulting in
high EPO levels from excessive stabilisation of
HIF-1α (Ref. 118). Using hypoxia mimics for bone
regeneration would inevitably turn on EPO expression
in surrounding osteoblasts. While a single injection
of DMOG into mouse femora has been shown to sig-
nificantly elevate EPO mRNA levels 7 h later
(Ref. 120), it remains to be seen whether the dosing
of HMAs required for the clinical applications of
bone regeneration would result in clinically significant
polycythaemia.

Tumourigensis and progression

Cellular adaptation to a hypoxic micro-environment is
essential for tumour progression. As tumour cells
outgrow their vascular supply, this leads to areas of
hypoxia and necrosis and subsequent upregulation of
hypoxia response genes that promote survival, angio-
genesis and metastatic dissemination of cells
(Ref. 121). HIF-1α also modulates multiple pathways
that contribute to radiation and multi-drug chemother-
apy resistance (Ref. 122). In addition to the hypoxic
micro-environment of solid tumours, HIF overexpres-
sion can arise secondary to genetic alterations in the
pathways of HIF regulation – a classic example being
mutations in the tumour suppressor gene VHL seen
in clear-cell renal carcinomas and cerebellar haemangi-
omas (Ref. 122). Discussions on the role of hypoxia
and HIF on cancer have been reviewed and targeting
HIF for the development of antineoplastic medications
is an expanding field of research over the past several
decades (Refs 123, 124, 125, 126).
Zhong et al. analysed HIF-1α expression in 179

tumour specimens. They found that HIF-1α was over-
expressed in the majority of tumour types compared
with their respective normal tissues, including in
colon, breast, gastric, lung, skin, ovarian, pancreatic,
prostate and renal carcinomas. With respect to
primary bone tumours, Yang et al. were among the
first to identify HIF-1α overexpression in over 80%
ofosteosarcoma samples,with the expression pattern cor-
relating with patient prognosis (Ref. 127). Subsequently
Chen et al. showed that HIF-1α positively correlated
with the size, pathologic grade, clinical stage and recur-
rence of osteosarcoma of the jaw (Ref. 128). It is now
well established that HIF-1α has a significant role in
the pathogenesis of osteosarcoma metastasis via the
overexpression of CXCR4 (Ref. 129). This HIF-1α
regulated chemokine receptor has been implicated in
the interactions between numerous cancer cell lines
and organs susceptible to metastasis that express the
matching chemokine SDF1 (Refs 52, 130, 131).
Blocking this pathway has been proposed to have

therapeutic potential to decrease metastasis in osteosar-
coma patients (Ref. 132). Further highlighting the rela-
tionship between hypoxia and osteosarcoma
progression, HIF-1α activation increases resistance to
widely used chemotherapeutic agents of this tumour
(Ref. 133). Therefore, prolonged HIF-1α expression
in the context of bone regeneration needs to be evalu-
ated for any potential of tumorigenic transformation
of native cells or of existing benign bony lesions.

Conclusion and future perspectives
HIF-mediated pathways appear to have profound
effects on bone development, haemostasis and regener-
ation. HIF-1α activation in response to hypoxic condi-
tions stimulates a robust angiogenic response, the
recruitment of bone cell precursors and also may
have direct effects on osteoblast and osteoclast differen-
tiation and activity. Therapeutic manipulation of this
pathway for improved bone regeneration is of interest
to the orthopaedic and biomaterial researcher. The
key aspect is the discovery of small molecules that
can function as effective hypoxic mimics. The prelim-
inary results in their application for bone regenerative
strategies have been positive and exciting. More so,
these molecules avoid the practical and high cost bar-
riers that have hindered the clinical application of
recombinant protein growth factors in orthopaedic
technology. However, the use of hypoxia mimics is
not without concern. HIF-1α activation has been
observed in many cancer cell types leading to postula-
tion that that long-term HIF activation might have pro-
neoplastic actions (Refs 122, 134). EPO stimulation by
HIF-1α activation is another concern as high levels of
EPO are implicated in cardiovascular and thrombo-
embolic events (Ref. 135). These processes however
would likely require a longer time course of HIF-1α
stimulation than needed for augmenting angiogenesis
and osteogenesis for bone healing. Current hypoxia
mimics are also nonspecific in that they act to modulate
function of a large class of 2OG-dependent hydroxy-
lases possibly leading to unwanted effects. This has
led to the discovery of PHD2-specific inhibitors
synthesised through three-dimensional enzymatic mod-
elling (Refs 136, 137). These molecules have yet to be
tested in the context of bone biology. Additional work
should focus on the incorporation of known hypoxia
mimics within biomaterials and synthetic bone grafts
for controlled local release so as to avoid the need of
repeated injections. While the timing of hypoxia
mimic therapy appears to be best correlated with the
natural angiogenic response of healing tissues, further
experimentation with different therapeutic time
courses during bone healing could be of interest.
Additionally, hypoxia mimetic experimentation in
larger animal models needs to be conducted. As it
stands currently, the therapeutic manipulation of
hypoxia is an exciting area and has significant promise
for bone regenerative and bone tissue engineering
strategies.

HYPOXIA SIGNALLING MANIPULATION FOR BONE REGENERATION 13

https://doi.org/10.1017/erm.2015.4 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2015.4


Acknowledgements and funding
This work was supported by funding from the Foundation for
Orthopaedic Trauma (FOT) and from AOTrauma North
America.

Conflicts of interest
None.

References
1. Wang Y. et al. (2007) Oxygen sensing and osteogenesis.

Annals of the New York Academy of Sciences 1117, 1-11
2. Schipani E. et al. (2009) Regulation of osteogenesis-angiogen-

esis coupling by HIFs and VEGF. Journal of Bone and
Mineral Research 24, 1347-1353

3. Keramaris N.C. et al. (2008) Fracture vascularity and bone
healing: a systematic review of the role of VEGF. Injury 39,
S45-S57

4. Maes C., Carmeliet G. and Schipani E. (2012) Hypoxia-driven
pathways in bone development, regeneration and disease.
Nature Reviews Rheumatology 8, 358-366

5. Riddle R.C. et al. (2009) Role of hypoxia-inducible factor-
1alpha in angiogenic-osteogenic coupling. Journal of
Molecular Medicine (Berlin) 87, 583-590

6. Arnett T.R. (2010) Acidosis, hypoxia and bone. Archives of
Biochemistry and Biophysics 503, 103-109

7. Wang G.L. and Semenza G.L. (1993) General involvement of
hypoxia-inducible factor 1 in transcriptional response to
hypoxia. Proceedings of the National Academy of Sciences
of the United States of America 90, 4304-4308

8. Wan C. et al. (2010) Role of HIF-1alpha in skeletal develop-
ment. Annals of the New York Academy of Sciences 1192, 322-
326

9. Jaakkola P. et al. (2001) Targeting of HIF-alpha to the von
Hippel-Lindau ubiquitylation complex by O2-regulated
prolyl hydroxylation. Science 292, 468-472

10. Maxwell P.H. et al. (1999) The tumour suppressor protein
VHL targets hypoxia-inducible factors for oxygen-dependent
proteolysis. Nature 399, 271-275

11. Kallio P.J. et al. (1999) Regulation of the hypoxia-inducible
transcription factor 1alpha by the ubiquitin-proteasome
pathway. Journal of Biological Chemistry 274, 6519-6525

12. Kallio P.J. et al. (1997) Activation of hypoxia-inducible factor
1alpha: posttranscriptional regulation and conformational
change by recruitment of the Arnt transcription factor.
Proceedings of the National Academy of Sciences of the
United States of America 94, 5667-5672

13. Gu J., Milligan J. and Huang L.E. (2001) Molecular mechan-
ism of hypoxia-inducible factor 1alpha -p300 interaction. A
leucine-rich interface regulated by a single cysteine. Journal
of Biological Chemistry 276, 3550-3554

14. Lando D. et al. (2002) Asparagine hydroxylation of the HIF
transactivation domain a hypoxic switch. Science 295, 858-
861

15. Greijer A.E. et al. (2005) Up-regulation of gene expression by
hypoxia is mediated predominantly by hypoxia-inducible
factor 1 (HIF-1). Journal of Pathology 206, 291-304

16. Schofield C.J. and Ratcliffe P.J. (2004) Oxygen sensing by
HIF hydroxylases. Nature Reviews Molecular Cell Biology
5, 343-354

17. Nagel S. et al. (2010) Therapeutic manipulation of the HIF
hydroxylases. Antioxidants and Redox Signaling 12, 481-501

18. Keith B., Johnson R.S. and Simon M.C. (2012) HIF1alpha
and HIF2alpha: sibling rivalry in hypoxic tumour growth
and progression. Nature Reviews Cancer 12, 9-22

19. Hu C.J. et al. (2003) Differential roles of hypoxia-inducible
factor 1alpha (HIF-1alpha) and HIF-2alpha in hypoxic gene
regulation. Molecular and Cellular Biology 23, 9361-9374

20. Makino Y. et al. (2001) Inhibitory PAS domain protein is a
negative regulator of hypoxia-inducible gene expression.
Nature 414, 550-554

21. Hara S. et al. (2001) Expression and characterization of
hypoxia-inducible factor (HIF)-3alpha in human kidney: sup-
pression of HIF-mediated gene expression by HIF-3alpha.
Biochemical and Biophysical Research Communications
287, 808-813

22. Zelzer E. and Olsen B.R. (2005) Multiple roles of vascular
endothelial growth factor (VEGF) in skeletal development,
growth, and repair. Current Topics in Developmental
Biology 65, 169-187

23. Maes C. et al. (2010) Osteoblast precursors, but not mature
osteoblasts, move into developing and fractured bones along
with invading blood vessels. Developmental Cell 19, 329-344

24. Claes L., Recknagel S. and Ignatius A. (2012) Fracture healing
under healthy and inflammatory conditions. Nature Reviews
Rheumatology 8, 133-143

25. Gerstenfeld L.C. et al. (2003) Fracture healing as a post-natal
developmental process: molecular, spatial, and temporal
aspects of its regulation. Journal of Cellular Biochemistry
88, 873-884

26. Gerber H.P. et al. (1999) VEGF couples hypertrophic cartilage
remodeling, ossification and angiogenesis during endochon-
dral bone formation. Nature Medicine 5, 623-628

27. Street J. et al. (2002) Vascular endothelial growth factor stimu-
lates bone repair by promoting angiogenesis and bone turn-
over. Proceedings of the National Academy of Sciences of
the United States of America 99, 9656-9661

28. Geiger F. et al. (2005) Vascular endothelial growth factor
gene-activated matrix (VEGF165-GAM) enhances osteogen-
esis and angiogenesis in large segmental bone defects.
Journal of Bone and Mineral Research 20, 2028-2035

29. Crisan M. et al. (2008) A perivascular origin for mesenchymal
stem cells in multiple human organs. Cell Stem Cell 3, 301-
313

30. Corselli M. et al. (2012) The tunica adventitia of human
arteries and veins as a source of mesenchymal stem cells.
Stem Cells and Development 21, 1299-1308

31. Sacchetti B. et al. (2007) Self-renewing osteoprogenitors in
bone marrow sinusoids can organize a hematopoietic micro-
environment. Cell 131, 324-336

32. le Noble F. and le Noble J. (2014) Bone biology: vessels of
rejuvenation. Nature 507, 313-314

33. Wan C. et al. (2008) Activation of the hypoxia-inducible
factor-1alpha pathway accelerates bone regeneration.
Proceedings of the National Academy of Sciences of the
United States of America 105, 686-691

34. Brighton C.T. and Heppenstall R.B. (1971) Oxygen tension in
zones of the epiphyseal plate, the metaphysis and diaphysis.
An in vitro and in vivo study in rats and rabbits. Journal of
Bone and Joint Surgery – A 53, 719-728

35. Brighton C.T. and Krebs A.G. (1972) Oxygen tension of
healing fractures in the rabbit. Journal of Bone and Joint
Surgery – A 54 323-332

36. Provot S. et al. (2007) Hif-1alpha regulates differentiation of
limb bud mesenchyme and joint development. Journal of
Cell Biology 177, 451-464

37. Wang Y. et al. (2007) The hypoxia-inducible factor alpha
pathway couples angiogenesis to osteogenesis during skeletal
development. Journal of Clinical Investigation 117, 1616-
1626

38. Pfander D. et al. (2003) HIF-1alpha controls extracellular
matrix synthesis by epiphyseal chondrocytes. Journal of Cell
Science 116(Pt 9), 1819-1826

39. Shomento S.H. et al. (2010) Hypoxia-inducible factors 1alpha
and 2alpha exert both distinct and overlapping functions in
long bone development. Journal of Cellular Biochemistry
109, 196-204

40. Saito T. et al. (2010) Transcriptional regulation of endochon-
dral ossification by HIF-2alpha during skeletal growth and
osteoarthritis development. Nature Medicine 16, 678-686

41. Araldi E. et al. (2011) Lack of HIF-2alpha in limb bud mesen-
chyme causes a modest and transient delay of endochondral
bone development. Nature Medicine 17, 25-26; author reply
27-9

42. Amarilio R. et al. (2007) HIF1alpha regulation of Sox9 is
necessary to maintain differentiation of hypoxic prechondro-
genic cells during early skeletogenesis. Development 134,
3917-3928

43. Komatsu D.E. and Hadjiargyrou M. (2004) Activation of the
transcription factor HIF-1 and its target genes, VEGF, HO-1,
iNOS, during fracture repair. Bone 34, 680-688

44. Kusumbe A.P., Ramasamy S.K. and Adams R.H. (2014)
Coupling of angiogenesis and osteogenesis by a specific
vessel subtype in bone. Nature 507, 323-328

HYPOXIA SIGNALLING MANIPULATION FOR BONE REGENERATION14

https://doi.org/10.1017/erm.2015.4 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2015.4


45. Liu Y. et al. (2012) Intracellular VEGF regulates the balance
between osteoblast and adipocyte differentiation. Journal of
Clinical Investigation 122, 3101-3113

46. Ceradini D.J. et al. (2004) Progenitor cell trafficking is regu-
lated by hypoxic gradients through HIF-1 induction of SDF-
1. Nature Medicine 10, 858-864

47. Kitaori T. et al. (2009) Stromal cell-derived factor 1/CXCR4
signaling is critical for the recruitment of mesenchymal stem
cells to the fracture site during skeletal repair in a mouse
model. Arthritis and Rheumatism 60, 813-823

48. Marquez-Curtis L.A. and Janowska-Wieczorek A. (2013)
Enhancing the migration ability of mesenchymal stromal
cells by targeting the SDF-1/CXCR4 axis. Biomedical
Research International 2013, 561098

49. Otsuru S. et al. (2008) Circulating bone marrow-derived osteo-
blast progenitor cells are recruited to the bone-forming site by
the CXCR4/stromal cell-derived factor-1 pathway. Stem Cells
26, 223-234

50. Liu Y.S. et al. (2014) The effect of simvastatin on chemotactic
capability of SDF-1alpha and the promotion of bone regener-
ation. Biomaterials 35(15), 4489-4498

51. Ceradini D.J. and Gurtner G.C. (2005) Homing to hypoxia:
HIF-1 as a mediator of progenitor cell recruitment to injured
tissue. Trends in Cardiovascular Medicine 15, 57-63

52. Staller P. et al. (2003) Chemokine receptor CXCR4 downre-
gulated by von Hippel-Lindau tumour suppressor pVHL.
Nature 425, 307-311

53. Hirao M. et al. (2007) Oxygen tension is an important medi-
ator of the transformation of osteoblasts to osteocytes.
Journal of Bone and Mineral Metabolism 25, 266-276

54. Utting J.C. et al. (2006) Hypoxia inhibits the growth, differen-
tiation and bone-forming capacity of rat osteoblasts.
Experimental Cell Research 312, 1693-1702

55. Steinbrech D.S. et al. (1999) Hypoxia regulates VEGF expres-
sion and cellular proliferation by osteoblasts in vitro. Plastic
and Reconstructive Surgery 104, 738-747

56. Matsuda N. et al. (1998) Proliferation and differentiation of
human osteoblastic cells associated with differential activation
of MAP kinases in response to epidermal growth factor,
hypoxia, and mechanical stress in vitro. Biochemical and
Biophysical Research Communications 249, 350-354

57. Genetos D.C. et al. (2010) Hypoxia decreases sclerostin
expression and increases Wnt signaling in osteoblasts.
Journal of Cellular Biochemistry 110, 457-467

58. Chen D. et al. (2013) HIF-1alpha inhibits Wnt signaling
pathway by activating Sost expression in osteoblasts. PLoS
ONE 8, e65940

59. Ito H. et al. (2005) Remodeling of cortical bone allografts
mediated by adherent rAAV-RANKL and VEGF gene
therapy. Nature Medicine 11, 291-297

60. Arnett T.R. et al. (2003) Hypoxia is a major stimulator of
osteoclast formation and bone resorption. Journal of
Cellular Physiology 196, 2-8

61. Utting J.C. et al. (2010) Hypoxia stimulates osteoclast forma-
tion from human peripheral blood. Cell Biochemistry and
Function 28, 374-380

62. Knowles H.J. and Athanasou N.A. (2009) Acute hypoxia
and osteoclast activity: a balance between enhanced
resorption and increased apoptosis. Journal of Pathology
218, 256-264

63. Knowles H.J. et al. (2010) Hypoxia-inducible factor regulates
osteoclast-mediated bone resorption: role of angiopoietin-like
4. FASEB Journal 24, 4648-4659

64. Leger A.J. et al. (2010) Inhibition of osteoclastogenesis by
prolyl hydroxylase inhibitor dimethyloxallyl glycine.
Journal of Bone and Mineral Metabolism 28, 510-519

65. Indo Y. et al. (2013) Metabolic regulation of osteoclast differ-
entiation and function. Journal of Bone and Mineral Research
28, 2392-2399

66. Huang W. et al. (1998) Use of intrinsic modes in
biology: examples of indicial response of pulmonary blood
pressure to +/− step hypoxia. Proceedings of the National
Academy of Sciences of the United States of America 95,
12766-12771

67. Mahon P.C., Hirota K. and Semenza G.L. (2001) FIH-1: a
novel protein that interacts with HIF-1alpha and VHL to
mediate repression of HIF-1 transcriptional activity. Genes
& Development 15, 2675-2686

68. Zou D. et al. (2012) Blood vessel formation in the tissue-engi-
neered bone with the constitutively active form of HIF-1alpha
mediated BMSCs. Biomaterials 33, 2097-2108

69. Zou D. et al. (2011) Repairing critical-sized calvarial defects
with BMSCs modified by a constitutively active form of
hypoxia-inducible factor-1alpha and a phosphate cement scaf-
fold. Biomaterials 32, 9707-9718

70. Zou D. et al. (2011) Repair of critical-sized rat calvarial
defects using genetically engineered bone marrow-derived
mesenchymal stem cells overexpressing hypoxia-inducible
factor-1alpha. Stem Cells 29, 1380-1390

71. Ding H. et al. (2013) HIF-1alpha transgenic bone marrow cells
can promote tissue repair in cases of corticosteroid-induced
osteonecrosis of the femoral head in rabbits. PLoS ONE 8,
e63628

72. Ma T. (2010) Mesenchymal stem cells: from bench to bedside.
World Journal of Stem Cells 2, 13-17

73. Murray I.R. et al. (2014) Recent insights into the identity of
mesenchymal stem cells: implications for orthopaedic applica-
tions. Bone & Joint Journal 96-B, 291-298

74. Aprelikova O. et al. (2004) Regulation of HIF prolyl hydroxy-
lases by hypoxia-inducible factors. Journal of Cellular
Biochemistry 92, 491-501

75. Gleadle J.M. et al. (1995) Regulation of angiogenic growth factor
expression by hypoxia, transition metals, and chelating agents.
American Journal of Physiology 268(6 Pt 1), C1362-C1368

76. Flagg S.C. et al. (2012) Screening chelating inhibitors of HIF-
prolyl hydroxylase domain 2 (PHD2) and factor inhibiting
HIF (FIH). Journal of Inorganic Biochemistry 113, 25-30

77. Cho E.A. et al. (2013) Differential in vitro and cellular effects
of iron chelators for hypoxia inducible factor hydroxylases.
Journal of Cellular Biochemistry 114, 864-873

78. Li Y.X. et al. (2008) Desferoxamine preconditioning protects
against cerebral ischemia in rats by inducing expressions of
hypoxia inducible factor 1 alpha and erythropoietin.
Neuroscience Bulletin 24, 89-95

79. Hamrick S.E. et al. (2005) A role for hypoxia-inducible factor-
1alpha in desferoxamine neuroprotection. Neuroscience
Letters 379, 96-100

80. Chekanov V.S. et al. (2003) Deferoxamine-fibrin accelerates
angiogenesis in a rabbit model of peripheral ischemia.
Vascular Medicine 8, 157-162

81. Shen X. et al. (2009) Prolyl hydroxylase inhibitors increase
neoangiogenesis and callus formation following femur frac-
ture in mice. Journal of Orthopaedic Research 27, 1298-1305

82. Donneys A. et al. (2012) Deferoxamine enhances the vascular
response of bone regeneration in mandibular distraction osteo-
genesis. Plastic and Reconstructive Surgery 129, 850-856

83. Donneys A. et al. (2013) Deferoxamine expedites consolida-
tion during mandibular distraction osteogenesis. Bone 55,
384-390

84. Farberg A.S. et al. (2012) Deferoxamine reverses radiation
induced hypovascularity during bone regeneration and repair
in the murine mandible. Bone 50, 1184-1187

85. Felice P.A. et al. (2013) Deferoxamine administration delivers
translational optimization of distraction osteogenesis in the
irradiated mandible. Plastic and Reconstructive Surgery 132,
542e-548e

86. Donneys A. et al. (2013) Deferoxamine restores callus size, min-
eralization, and mechanical strength in fracture healing after
radiotherapy. Plastic and Reconstructive Surgery 131, 711e-719e

87. Donneys A. et al. (2013) Localized deferoxamine injection
augments vascularity and improves bony union in pathologic
fracture healing after radiotherapy. Bone 52, 318-325

88. Stewart R. et al. (2011) Increasing vascularity to improve
healing of a segmental defect of the rat femur. Journal of
Orthopaedic Trauma 25, 472-476

89. Zhang W. et al. (2012) New bone formation in a true bone
ceramic scaffold loaded with desferrioxamine in the treatment
of segmental bone defect: a preliminary study. Journal of
Orthopaedic Science 17, 289-298

90. Hertzberg B.P. et al. (2013) An evaluation of carrier agents for
desferoxamine, an up-regulator of vascular endothelial growth
factor. Journal of Biomaterials Application 27, 1046-1054

91. MacKenzie E.L., Iwasaki K. and Tsuji Y. (2008) Intracellular
iron transport and storage: from molecular mechanisms to
health implications. Antioxidants & Redox Signaling 10,
997-1030

HYPOXIA SIGNALLING MANIPULATION FOR BONE REGENERATION 15

https://doi.org/10.1017/erm.2015.4 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2015.4


92. Lloyd J.B., Cable H. and Rice-Evans C. (1991) Evidence that
desferrioxamine cannot enter cells by passive diffusion.
Biochemical Pharmacology 41, 1361-1363

93. Doorn J. et al. (2013) A small molecule approach to engineer-
ing vascularized tissue. Biomaterials 34, 3053-3063

94. Cunningham M.J. et al. (2004) Complications of beta-thalas-
semia major in North America. Blood 104, 34-39

95. Vogiatzi M.G. et al. (2009) Bone disease in thalassemia: a fre-
quent and still unresolved problem. Journal of Bone and
Mineral Research 24, 543-557

96. Fung E.B. et al. (2008) Fracture prevalence and relationship to
endocrinopathy in iron overloaded patients with sickle cell
disease and thalassemia. Bone 43, 162-168

97. Wong P. et al. (2013) Thalassemia bone disease: the associ-
ation between nephrolithiasis, bone mineral density and frac-
tures. Osteoporosis International 24, 1965-1971

98. Kim B.J. et al. (2012) Iron overload accelerates bone loss in
healthy postmenopausal women and middle-aged men: a 3-
year retrospective longitudinal study. Journal of Bone and
Mineral Research 27, 2279-2290

99. Tsay J. et al. (2010) Bone loss caused by iron overload in a murine
model: importance of oxidative stress. Blood 116, 2582-2589

100. Chen B. et al. (2014) Therapeutic effect of deferoxamine on
iron overload-induced inhibition of osteogenesis in a zebrafish
model. Calcified Tissue International 94, 353-360

101. Olivieri N.F. et al. (1992) Growth failure and bony changes
induced by deferoxamine. American Journal of Pediatric
Hematology and Oncology 14, 48-56

102. Hartkamp M.J., Babyn P.S. and Olivieri F. (1993) Spinal
deformities in deferoxamine-treated homozygous beta-thalas-
semia major patients. Pediatric Radiology 23, 525-528

103. Wong P. et al. (2014) Thalassemia bone disease: a 19 year lon-
gitudinal analysis. Journal of Bone and Mineral Research
29(11), 2468-2473

104. Cunliffe C.J. et al. (1992) Novel inhibitors of prolyl 4-
hydroxylase. 3. Inhibition by the substrate analog N-oxalogly-
cine and its derivatives. Journal of Medicinal Chemistry 35,
2652-2658

105. Ding H. et al. (2014) Dimethyloxaloylglycine increases the
bone healing capacity of adipose-derived stem cells by pro-
moting osteogenic differentiation and angiogenic potential.
Stem Cells and Development 23(9), 990-1000

106. Wu C. et al. (2012) Hypoxia-mimicking mesoporous bio-
active glass scaffolds with controllable cobalt ion release for
bone tissue engineering. Biomaterials 33, 2076-2085

107. Fan W., Crawford R. and Xiao Y. (2010) Enhancing in vivo
vascularized bone formation by cobalt chloride-treated bone
marrow stromal cells in a tissue engineered periosteum
model. Biomaterials 31, 3580-3589

108. Patntirapong S., Habibovic P. and Hauschka P.V. (2009)
Effects of soluble cobalt and cobalt incorporated into
calcium phosphate layers on osteoclast differentiation and acti-
vation. Biomaterials 30, 548-555

109. Dorr L.D. et al. (1990) Histologic, biochemical, and ion ana-
lysis of tissue and fluids retrieved during total hip arthroplasty.
Clinical Orthopaedics and Related Research 82-95

110. Urban R.M. et al. (1994) Migration of corrosion products from
modular hip prostheses. Particle microanalysis and histopatho-
logical findings. Journal of Bone& Joint Surgery 76, 1345-1359

111. Patntirapong S. and Hauschka P.V. (2007) Molecular regula-
tion of bone resorption by hypoxia. Orthopedic Journal of
HMS 9, 72-75

112. Patntirapong S., Sharma P. and Hauschka P. (2007) Induction
of osteoclast differentiation and resorptive activity by hypoxia
and cobalt. Orthopedic Research Society Paper No. 298

113. Kung A.L. et al. (2004) Small molecule blockade of transcrip-
tional coactivation of the hypoxia-inducible factor pathway.
Cancer Cell 6, 33-43

114. Maes C. et al. (2010) Increased skeletal VEGF enhances beta-
catenin activity and results in excessively ossified bones.
EMBO Journal 29, 424-441

115. Hong W.X. et al. (2014) The Role of Hypoxia-Inducible
Factor in Wound Healing. Advantage Wound Care (New
Rochelle) 3, 390-399

116. Distler J.H. et al. (2007) Hypoxia-induced increase in the pro-
duction of extracellular matrix proteins in systemic sclerosis.
Arthritis and Rheumatism 56, 4203-4215

117. Semenza G.L. et al. (1991) Hypoxia-inducible nuclear factors
bind to an enhancer element located 3′ to the human erythro-
poietin gene. Proceedings of the National Academy of
Sciences of the United States of America 88, 5680-5684

118. Yan L., Colandrea V.J. and Hale J.J. (2010) Prolyl hydroxy-
lase domain-containing protein inhibitors as stabilizers of
hypoxia-inducible factor: small molecule-based therapeutics
for anemia. Expert Opinion on Therapeutic Patents 20,
1219-1245

119. Haase V.H. (2010) Hypoxic regulation of erythropoiesis and
iron metabolism. American Journal of Physiology – Renal
Physiology 299, F1-F13

120. Rankin E.B. et al. (2012) The HIF signaling pathway in osteo-
blasts directly modulates erythropoiesis through the produc-
tion of EPO. Cell 149, 63-74

121. Bertout J.A., Patel S.A. and Simon M.C. (2008) The impact of
O2 availability on human cancer. Nature Reviews Cancer 8,
967-975

122. Semenza G.L. (2003) Targeting HIF-1 for cancer therapy.
Nature Reviews Cancer 3, 721-732

123. Hu Y., Liu J. and Huang H. (2013) Recent agents targeting
HIF-1alpha for cancer therapy. Journal of Cellular
Biochemistry 114, 498-509

124. Rapisarda A. et al. (2002) Identification of small molecule
inhibitors of hypoxia-inducible factor 1 transcriptional activa-
tion pathway. Cancer Research 62, 4316-4324

125. Li Y. and Ye D. (2010) Cancer therapy by targeting hypoxia-
inducible factor-1. Current Cancer Drug Targets 10, 782-
796

126. Wilson W.R. and Hay M.P. (2011) Targeting hypoxia in
cancer therapy. Nature Reviews Cancer 11, 393-410

127. Yang Q.C. et al. (2007) Overexpression of hypoxia-inducible
factor-1alpha in human osteosarcoma: correlation with clini-
copathological parameters and survival outcome. Japanese
Journal of Clinical Oncology 37, 127-134

128. Chen W.L., Feng H.J. and Li H.G. (2008) Expression and
significance of hypoxemia-inducible factor-1alpha in
osteosarcoma of the jaws. Oral Surgery, Oral Medicine,
Oral Pathology, Oral Radiology & Endodontics Oral 106,
254-257

129. Guo M. et al. (2014) Hypoxia promotes migration and induces
CXCR4 expression via HIF-1alpha activation in human osteo-
sarcoma. PLoS ONE 9, e90518

130. Ishikawa T. et al. (2009) Hypoxia enhances CXCR4 expres-
sion by activating HIF-1 in oral squamous cell carcinoma.
Oncology Reports 21, 707-712

131. Liu Y.L. et al. (2006) Regulation of the chemokine receptor
CXCR4 and metastasis by hypoxia-inducible factor in non
small cell lung cancer cell lines. Cancer Biology & Therapy
5, 1320-1326

132. Guan G. et al. (2014) The HIF-1alpha/CXCR4 pathway sup-
ports hypoxia-induced metastasis of human osteosarcoma
cells. Cancer Letters 357(1), 254-264

133. Roncuzzi L., Pancotti F. and Baldini N. (2014) Involvement of
HIF-1alpha activation in the doxorubicin resistance of human
osteosarcoma cells. Oncology Reports 32, 389-394

134. Unwith S. et al. (2014) The potential role of HIF on tumour
progression and dissemination. International Journal of
Cancer (in press), doi:10.1002/ijc.28889

135. Smith K.J. et al. (2003) The cardiovascular effects of erythro-
poietin. Cardiovascular Research 59, 538-548

136. Nangaku M. et al. (2007) A novel class of prolyl hydroxylase
inhibitors induces angiogenesis and exerts organ protection
against ischemia. Arteriosclerosis, Thrombosis, and
Vascular Biology 27, 2548-2554

137. Kontani S. et al. (2013) A novel prolyl hydroxylase inhibitor
protects against cell death after hypoxia. Neurochemical
Research 38, 2588-2594

∗Corresponding author:
Division of Orthopaedic Surgery,
Montreal General Hospital L9-125,
1650 Cedar Avenue,
Montreal Quebec, Canada
H3G 1A4.
E-mail: Jake.barralet@mcgill.ca

HYPOXIA SIGNALLING MANIPULATION FOR BONE REGENERATION16

https://doi.org/10.1017/erm.2015.4 Published online by Cambridge University Press

mailto:Jake.barralet@mcgill.ca
https://doi.org/10.1017/erm.2015.4

	Hypoxia signalling manipulation for bone regeneration
	Introduction
	Hypoxia-inducible factors
	Role of HIF-1a in bone formation and repair
	Osteogenic--angiogenic coupling
	HIF-1[alpha] couples angiogenesis and osteogenesis
	Effect on progenitor cell recruitment
	Effect on osteoblasts and osteoclasts

	Therapeutic strategies targeting HIF-1[alpha]
	Gene therapy
	Hypoxia mimicking agents
	Iron chelators as hypoxia mimics
	Active site competitors


	Potential adverse effects of osteogenic HIF-1[alpha] activation
	Pathological bone
	Hypertrophic scaring
	Polycythemia
	Tumourigensis and progression

	Conclusion and future perspectives
	Acknowledgements and funding
	Conflicts of interest
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


