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Introduction

Conditions associated with tissue ischemia (myocardial infarc-
tion, peripheral vascular disease, stroke) have a high prevalence in 
the ever-aging patient population of the western world, and lead to 
high morbidity and mortality.1 Until recently, strategies aiming at 
therapeutic angiogenesis for the treatment of ischemic tissues (e.g., 
myocardial, cerebral, peripheral tissues) and wounds (e.g., diabetic 
ulcers, burns), as well as vascularisation of implants/grafts and 
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Therapeutic angiogenesis promises to aid the healing and 
regeneration of tissues suffering from a compromised vascular 
supply. ischaemia therapy has so far primarily focused on 
delivering isolated angiogenic growth factors. The limited 
success of these strategies in clinical trials, however, is 
increasingly forcing researchers to recognize the difficulties 
associated with trying to mimic the angiogenic process, due 
to its natural complexity. instead, a new school of thought is 
gradually emerging, focusing on how to induce angiogenesis 
at its onset, by utilizing hypoxia, the primary angiogenic 
stimulus in physiological, as well pathological states. This 
shift in therapeutic approach is underlined by the realization 
of the importance of depressed HiF-1 α-mediated gene 
programming in non-healing ischemic tissues, which could 
explain their apparent habituation to chronic hypoxic stress 
and the limited capacity to generate adaptive angiogenesis. 
Hypoxia-based strategies, then effectively aim to override 
the habituated angiogenic cellular response, re-start the 
regenerative process and drive it to completion. Here we make 
a distinction between those strategies that utilize hypoxia in 
vitro as a preconditioning tool to optimize the angiogenic 
potential of tissue/cells before transplantation, vs. strategies 
that aim to induce hypoxia-induced signaling in vivo, directly, 
through pharmacological means or gene transfer. we then 
discuss possible future directions for the field, as it moves into 
the phase of clinical trials.
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engineered constructs have largely relied on exogenous delivery of 
single or few angiogenic factors (e.g., recombinant factor proteins, 
gene transfer, etc.). However, the limited success of such strategies 
in clinical trials has highlighted the concept that the spatio-tem-
poral complexity of an angiogenic response is difficult to mimic, 
by isolating and delivering certain factors (e.g., VEGF).1-5 This has 
fuelled the development of a new field of angiogenesis research, 
focusing on inducing, rather than mimicking, the angiogenic pro-
cess through hypoxia. Utilization of hypoxia-induced signaling as 
an angiogenic tool, harnesses the innate biological mechanism that 
naturally generates angiogenesis in the body, in physiological (e.g., 
embryogenesis), as well as pathological (e.g., ischemia, wound 
healing, tumor formation) states.2,6,7 Furthermore, this approach 
has the advantage that it can be easily and successfully applied, 
even if the complex angiogenic factor cascades are currently 
mapped only incompeltely. Admittedly, as the field advances and 
gathers more universal acceptance, a broader spectrum of studies 
will also provide additional insight into the mechanisms facilitat-
ing hypoxia-induced angiogenesis. This knowledge can then feed 
back into developing more targeted therapies.

Tissue Response to Chronic Hypoxic Stress

Ischaemia-induced angiogenesis is a physiological response to tis-
sue hypoxia, defined as a reduction in the ambient O

2
 concentra-

tion. Most tissues trigger a hypoxia response below venous pO
2
 

(40 mmHg or ~6% O
2
),8 and this is orchestrated by the tran-

scriptional activator hypoxia-inducible factor 1α (HIF-1α).2,7,8 
HIF-1α stabilization induces, directly or indirectly, a plethora of 
angiogenic mediators such as vascular endothelial growth factor 
(VEGF), platelet-derived growth factor B (PDGFB), placental 
growth factor (PGF), angiopoietins 1 and 2, matrix metallo-
proteinases (MMPs) 2 and 9, plasminogen-activator inhibitor-1, 
stromal derived factor 1 (SDF 1) and stem cell factor (SCF).7,8 
However, while chronically ischemic tissues are constantly 
exposed to hypoxia, they paradoxically appear to have a limited 
capacity to appropriately respond to hypoxic stress. The pro-
posed mechanism underlying the inadequate generation of com-
pensatory angiogenesis seen in many chronic ischemic/hypoxic 
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as a tool for generating angiogenesis on 
demand,7,18 two distinct approaches have 
emerged, as promising strategies to achieve 
this goal. On one hand, researchers have 
explored the possibility of pre-conditioning 
cells or grafts to hypoxia in vitro, in order 
to upregulate the required signaling that 
can then initiate angiogenesis in vivo upon 
transplantation. The second approach relies 
on direct induction of hypoxia-mediated 
signaling in vivo, by pharmacological means 
or gene therapy. A further distinction can 
be made on whether the therapy involves 
transplantation of hypoxia pre-conditioned 
or genetically modified cells, or if the effect 
is mediated directly through gene transfer or 
cell-free delivery of hypoxia-induced protein 
factors (Fig. 1). Nevertheless, all of these 
strategies aim to provide an effective solution 
for overcoming the limited ability of isch-
emic tissues to optimally upregulate angio-
genic signaling, by overriding the habituated 
response of cells within an ischemic tissue 
to the constant oxygen micro-environment, 

supporting/re-starting the angiogenic process and driving it to 
completion.

Strategies Based  
on Hypoxic Pre-Conditioning In Vitro

As discussed above, while cells in an ischemic tissue are exposed 
to hypoxic stress, they increasingly respond less to it, as they 
habituate to constant stimulation. A sound approach to over-
come this limitation would be to obtain cells from healthy tissue 
and expose them in vitro to controlled conditions that simulate 
the in vivo micro-environment, for short time periods to avoid 
habituation, as a means for optimizing cell properties (e.g. via-
bility, angiogenic capacity) before transplantation. Indeed, this 
type of pre-conditioning is commonly encountered in nature, for 
example certain animals that inhabit environments where low 
O

2
 tensions prevail (moles living underground or birds at high 

altitudes) have developed strategies to sustain chronic hypoxia 
and have become hypoxia tolerant.18 Furthermore, it is known 
that hypoxic/ischemic pre-conditioning provides tissues (e.g., 
myocardium, cerebral tissue) with protection against subsequent 
lethal ischemic damage. Therapeutic strategies utilizing hypoxic 
pre-conditioning therefore aim to recapitulate these mechanisms 
and deliver their beneficial effects, on demand. One can broadly 
distinguish two approaches, one that relies on transplanting pre-
conditioned cells into ischemic tissue directly, the other based on 
delivering cell-free angiogenic factor protein mixtures that the 
cells produce during the conditioning phase.

Cell-based pre-conditioning therapy. In 2008, Kubo et al. 
showed that hypoxic pre-conditioning (culture under 2% O

2
 for 

24 h) increased the survival and angiogenic potency of periph-
eral blood mononuclear cells (PBMNCs), through oxidative 

conditions involves a blunting of the ability of cells to upregu-
late angiogenic factors (e.g., VEGF, angiopoietins) in response to 
prolonged/repeated hypoxic episodes.9-14 Indeed, Van Weel and 
coworkers examined the expression patterns of VEGF, SDF-1, and 
CXCR4 in amputated limbs of 16 patients with peripheral arterial 
desease, and showed that their expression was generally decreased 
in ischemic muscle as compared with non-ischemic muscle in 
patients with chronic ischeamia, whereas substantially increased 
in patients with acute-on-chronic ischemia.13 Importantly, only 
acute ischemic tissue displayed a high percentage of HIF-1α - 
positive nuclei, suggesting an inability of chronically ischemic 
tissues to express sufficient HIF-1α. This could explain why 
hypoxia-responsive genes, that are upregulated under acute isch-
emic conditions, gradually undergo downregulation in chronic 
ischemia. These findings were confirmed in another study where 
attenuated HIF, VEGF, and VEGFR-2 expression was observed 
in atrophic/regenerating myocytes from skeletal muscle samples, 
obtained from lower limbs that were amputated due to chronic 
critical ischemia, despite significant induction of these genes in 
samples from acute-on-chronic ischemic limbs.15 The impairing 
effect of chronic ischemia/hypoxia on angiogenic factor signaling 
might be further complicated by the fact that the spatial and tem-
poral distribution patterns of endogenously produced angiogenic 
growth factors in ischemic tissues are, to a great extent, influenced 
by inflammation,16 but also because chronic hypoxia seems to 
attenuate VEGF-stimulated signaling in endothelial cells through 
specific downregulation of VEGF receptor expression.17

Hypoxia-Based Therapeutic Strategies

Over the last few years, with the gradual increase in awareness 
of the critical role that hypoxia-induced signaling could play 

Figure 1. Flow diagram showing the chronological development of strategies targeting thera-
peutic angiogenesis for tissue ischemia. Following the limited success of single factor (primarily 
veGF) administration in clinical trials, hypoxia-based strategies have emerged (dotted line) 
as a new approach that promises to provide a solution to inducing a robust, yet physiological 
angiogenic response, while avoiding the common side effects associated with mono-therapy. 
Strategies shown above the time axis represent those therapies that focus on directly inducing 
hypoxia-mediated angiogenic signaling in vivo, while strategies shown below the axis are 
those based on in vitro hypoxic pre-conditioning before in vivo cell/tissue transplantation. On 
the right end of the axis, a range of newer strategies are presented, which are likely to play a 
key role as the field moves into the phase of clinical trials.
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mice, hADSC spheroids showed improved cell survival, angio-
genic factor secretion, neovascularization, and limb survival 
as compared with hADSCs grafted as dissociated cells.27 The 
same group showed similar effects in cord blood mesenchymal 
stem cell (CBMSC) and human umbilical vein endothelial 
cell (HUVECs) spheroid grafts, in the same animal model.28,29 
Utilization of implantable hypoxic cell-matrix depots (note; the 
matrix can be cell-produced and/or of exogenous origin), as fac-
tory units that continuously produce angiogenic factors in vivo, 
could therefore prove a useful future strategy for improving the 
vascularisation of ischemic tissues and engineered constructs.30

Recent studies have also explored the utility of hypoxic pre-
conditioning in tissue regeneration and reconstruction. In vitro 
exposure of tissue-engineered mucosa to hypoxia resulted in 
increased secretion of a range of angiogenic factors, and improved 
its capacity to support endothelial cell proliferation and migra-
tion in vitro.31 Furthermore, transplantation of hypoxia pre-con-
ditioned bone marrow MSCs improved the survival of ultra-long 
random skin flaps, elevated in rats, via increased VEGF release 
and promotion of angiogenesis.32 The effects of hypoxic pre-con-
ditioning have also been investigated in adipose-derived stem cell 
(ASC) cultures, where it was shown to increase ASC viability, 
and reduce cell injury and apoptosis under simulated ischemic 
conditions, while also improving their angiogenic capacity.33 
Additionally, ASC hypoxic pre-conditioning was shown to 
increase VEGF release and improved the 7 d viability of ischemic 
flaps in rats, when cells were injected in the flap distal third.34 
These findings could have important implications for recon-
structive procedures, where autologous fat grafting is commonly 
employed.

Cell-free pre-conditioning-based therapy. The aforemen-
tioned studies have, to a great extent, validated the therapeu-
tic potential of cell-based hypoxic pre-conditioning strategies. 
However, the reliability on implanting living cells (which are 
likely to be of allogeneic origin) could be a setback for immediate 
clinical application, due to safety/ethical concerns, as well as lack 
of off-the-shelf availability. Furthermore, since it is difficult to 
characterize in vivo cell behavior (e.g., levels/duration of angio-
genic factor production, cell survival), process control in living 
cell implants still remains problematic. Trying to address these 
concerns, Di Santo et al. first reported in 2009 on a novel cell-
free therapy based on delivering conditioned media from hypoxic 
cell cultures, which were shown to induce angiogenesis in vitro 
and in vivo.35 Endothelial progenitor cell-derived conditioned 
medium (EPC-CM), obtained from subjecting EPCs to 72 h 
of hypoxia, inhibited apoptosis of mature endothelial cells and 
promoted angiogenesis in a rat aortic ring assay. The therapeu-
tic potential of EPC-CM was then evaluated in a rat model of 
chronic hindlimb ischemia, where serial intramuscular injections 
significantly increased hindlimb blood flow and improved muscle 
performance. Importantly, this effect was found to be as potent 
as that induced by EPC transplantation.35 In more recent studies, 
hypoxic CM from cardiomyocyte hypoxic cultures was shown to 
protect isolated hearts against ischemia, reducing infarct size and 
improving the rate of contraction and relaxation,36 while hypoxic 
CM from ASCs stimulated angiogenesis in subcutaneously 

stress resistance mechanisms. Three days after intramuscular 
implantation into the ischemic hindlimbs of mice, survival of 
hypoxia-preconditioned PBMNCs was higher than that of nor-
moxia-cultured PBMNCs, while 28 d after treatment microvessel 
density and blood flow in the ischemic hindlimbs were signifi-
cantly better in the mice implanted with hypoxia-preconditioned 
PBMNCs.19 Using the same animal model, the authors showed 
that increased expression of CXCR4 and integrin alphaM con-
tributed to the improved cell retention and angiogenic potency 
observed in hypoxia-preconditioned cells.20 Interestingly, these 
effects do not appear to be limited to cells derived from young 
organisms. Indeed, hypoxia-preconditioned bone marrow cells 
(BMCs) from aged mice had enhanced adhesion, survival, and 
angiogenic potency in vitro, as well as upon implantation into 
ischemic hindlimbs in vivo.21 Hypoxic pre-conditioning has also 
been shown to enhance the capacity of mesenchymal stem cells to 
repair infarcted myocardium, attributable to reduced cell death 
and apoptosis of implanted cells, increased angiogenesis/vascu-
larization, and paracrine effects.22 A recent study demonstrated 
that transplantation of hypoxia pre-conditioned bone marrow 
mesenchymal stem cells enhances angiogenesis and neurogenesis 
after cerebral ischemia in rats, suggesting that hypoxic pre-condi-
tioning of transplanted cells could provide an effective means of 
promoting their regenerative capability and therapeutic potential 
for the treatment of ischemic stroke.23

As well as controlling the onset of an angiogenic response, 
it is also important to spatio-temporally regulate it, i.e., control 
when and where it is induced, for how long and in what direc-
tion. For example, control of the directionality of angiogenesis 
can be achieved by localized delivery of a cell-matrix depot to 
an area of interest (e.g., infracted tissue, implant site etc), while 
allowing diffusion of produced factors to generate spatial factor 
gradients that chemo-attract host endothelial cells toward the 
factor source.24,25 Our group first showed that it is indeed pos-
sible to control the local O

2
 microenvironment within 3D col-

lagen constructs by adjusting the cell seeding density and spatial 
position, therefore total cell-depot O

2
 consumption.26 Seeding 

constructs with human dermal fibroblasts (HDFs) at high den-
sity resulted in rapid reduction of core O

2
 tension toward the low 

end of the physiological hypoxic range (3% O
2
), which elicited a 

multifold upregulation of HIF-1α and VEGF gene expression.26 
Localized implantation of such hypoxia-induced signaling cell-
matrix depots, subcutaneously in rabbits, induced directional 
in-growth of host vessels into the constructs.25 Importantly, the 
in vivo angiogenic response was both rapid (within 1 week), as 
well as functional, as shown by improvement in deep implant 
oxygenation compared with acellular constructs. Adopting a 
similar, engineering-based approach, Bhang et al. recently dem-
onstrated that human adipose-derived stromal cells (hADSCs), 
cultured and grafted as spheroids, exhibited improved therapeu-
tic efficacy.27 In this model, spheroid cultures were more effec-
tive in pre-conditioning hADSCs to a hypoxic environment, 
upregulating hypoxia-adaptive signals (e.g., HIF-1α), inhibiting 
apoptosis, and enhancing secretion of both angiogenic and anti-
apoptotic factors compared with monolayer cultures. Following 
intramuscular transplantation to ischemic hindlimbs of athymic 
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system’s utility into a device-based tool that can be used at the 
bed-side led us then to identify peripheral blood cells (PBCs) as 
the ideal factor-providing candidates, due to their autologous 
nature, ease of harvest and ample supply. The above described 
principle of combining the cell-scaffold and factor-carrier into 
one unit, yet keeping them spatially distinct by incorporating 
an intervening filter, provided the technological framework for 
this third-generation system.43 The angiogenic effectiveness of 
cell-free collagen gel and microsphere carriers, loaded with fac-
tors derived from hypoxic PBC cultures, could be demonstrated 
by the ability of their releasates to induce endothelial cell tubule 
formation and directional migration in in vitro Matrigel assays, 
and microvessel sprouting in the rat aortic ring assay, where they 
significantly performed better than recombinant VEGF.43 By 
integrating this system into a simple, one-step device that can 
house all steps of the process, i.e., blood collection, hypoxic cell 
conditioning, and factor harvest, PBC-derived angiogenic factor 
signaling can be readily delivered in the form of a wound dress-
ing or an injectable preparation, making this device applicable to 
both open (e.g., wounds, ulcers, burns) and closed (e.g., grafts, 
implants) tissue sites requiring angiogenic support.43 Such factor-
loaded biomimetic (i.e., biodegradable) matrices, could poten-
tially also serve as scaffolds for promoting tissue regeneration, as 
well as repair.

Strategies Based on Inducing  
Hypoxia-Mediated Signaling In Vivo

Given that the formation of a functional, mature, and durable 
vascular network is complex, the idea of switching-on hypoxia-
induced angiogenesis at the onset of the process is duly justified. 
The ability of HIF-1, the master regulator of this process, to 
induce several mediators of angiogenesis, together with evidence 
that aging and diabetes impair HIF-1 activation in response 
to ischemia,7 prompted the concept that strategies designed to 
increase its activity might be more efficient in inducing angio-
genesis/arteriogenesis after ischemic events (e.g., hind limb, car-
diac, or cerebral ischemia) than those relying on single or a few 
factors.1,3,44 These strategies can largely be divided into two cat-
egories, namely HIF-1 stabilization by pharmacological means or 
overexpression through gene therapy.

Cell-free pharmacological therapy. Hypoxia-inducible fac-
tor-1 (HIF-1) is a transcription factor that regulates the adaptive 
response to hypoxia in mammalian cells. It consists of a regu-
latory subunit HIF-1alpha, which accumulates under hypoxic 
conditions, and a constitutively expressed subunit, HIF-1beta. 
Under non-hypoxic conditions HIF-1α is targeted for protea-
somal degradation through binding to the von Hippel-Lindau 
(VHL) E3 ubiquitin ligase complex, after hydroxylation of pro-
line residues 402 and 564 by prolyl hydroxylase domain-contain-
ing proteins (PHDs; PHD1, PHD2, PHD3), which require O

2
 

and 2-oxoglutarate as co-substrates, and iron and ascorbic acid as 
co-factors.7,8,45 Additionally, hydroxylation of asparagine 803 of 
HIF-1α by FIH (factor inhibiting HIF-1) prevents binding to the 
transcriptional co-activators CBP and p300.7,8 Hypoxia-induced 
inhibition of prolyl and asparaginyl hydroxylase activity results 

implanted sponges to a greater extent than normoxic CM, an 
effect associated with increased paracrine VEGF and ANG pro-
duction by hypoxic ASCs.37

As mentioned in the previous section, however, the ability to 
locally deliver factors, as opposed to systemically administer them 
or deliver them in liquid media, that rapidly and widely spread into 
the tissue, is key for controlling the directionality of angiogenesis. 
Importantly, local factor delivery can help prevent unwanted side 
effects, such as ectopic angiogenesis, vascular leakage etc. With 
this in mind, our group developed a novel system for localized 
delivery of hypoxia-induced factor signaling, without administer-
ing living cells.38 Here, dermal fibroblast-seeded collagen matri-
ces were cultured under cell-mediated hypoxia (resulting from 
cellular O

2
 consumption) for 10 d to upregulate production of 

angiogenic proteins (e.g., VEGF), before snap-freezing the matri-
ces to kill all cells. We showed that the nano-porous collagen 
matrix could efficiently retain cell-produced proteins, while in 
vivo subcutaneous implantation of such pre-conditioned, non-
viable depots induced a directional angiogenic response within 
1 week, through release of trapped angiogenic factors. The 
formation of diffusion gradients for depot-released VEGF was 
also demonstrated in collagen gel scaffolds in vitro. This study 
provided a paradigm of how hypoxia-induced signaling can be 
locally delivered in vivo, on-demand (i.e., off-the-shelf), with-
out relying on on-going production of factors by living cells.38 
However, certain limitations still remained. For once, since the 
therapy is based on implanting a depot, it is invasive and not only 
frustrating for patients, but also accompanied by the common 
complications of surgery (e.g., bleeding, infection, thrombo-
sis). Furthermore, since it is known that stabilization of a newly 
formed vascular network requires long-term release of angiogenic 
factors (note; exogenous VEGF has a short half-life of ~50 min  
in vivo39), and that physiological angiogenesis critically depends 
on tight temporal regulation through differential gene expres-
sion at different time points,40-42 a cell-free therapeutic approach 
will evidently have to rely on multiple applications, which is dif-
ficult to carry out with an implantable therapy. Finally, depots 
contained dead cells, in addition to the produced factors, which 
raises concerns about possible immunogenic reactions to alloge-
neic cellular material.

In an effort to address these limitations, we recently devel-
oped an injectable system for spatio-temporally-controlled deliv-
ery of cell-free matrix carriers loaded with fibroblast-generated, 
hypoxia-induced factors.9 The central idea enabling this technol-
ogy lies in the ability to engineer a composite matrix construct, in 
which a central cellular and a peripheral acellular compartment 
co-exist in culture, but remain spatially distinct through separa-
tion by a nano-porous filter. This filter prevents cell/pathogen 
movement into the acellular compartment. Angiogenic factor 
proteins, produced by cells residing in the central compartment 
in response to hypoxic exposure, can therefore be captured by the 
acellular matrix as they radially diffuse through it. Factor-loaded 
matrix fractions, obtained by mechanical fragmentation of the 
acellular matrix, can be then locally delivered using an injectable 
thermo-responsive sol-gel vehicle (e.g., collagen sol-gel), which 
also ensures sustained factor release.9 Our quest to translate this 
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Whereas most PHD inhibitors inhibit PHD activity via iron 
chelation, Nangaku et al. reported on two novel compounds 
that can stabilize HIF in vitro, TM6008 and TM6089, that 
are devoid of iron chelating activity, but instead preferentially 
bind to the active site of PHD.54 In vitro Matrigel assays and 
in vivo sponge assays demonstrated enhancement of angiogen-
esis by local administration of TM6008 and TM6089. Their 
oral administration stimulated HIF activity in various organs 
of transgenic rats expressing a hypoxia-responsive reporter vec-
tor, and protected neurons in a model of cerebrovascular disease. 
However, it is important to note that this neuroprotection was 
associated with amelioration of apoptosis, but was independent 
of enhanced angiogenesis.

Cell-free gene therapy. Researchers started investigating the 
feasibility of HIF-1α delivery, at the DNA level, as early as in 
2000. Vincent and coworkers constructed a hybrid protein con-
sisting of DNA-binding and dimerization domains from the 
HIF-1α subunit and the transactivation domain from herpes sim-
plex virus VP16 protein, to create a strong, constitutive transcrip-
tional activator.55 After transfection into HeLa, C6, and Hep3B 
cells, this chimeric transcription factor was shown to activate 
expression of the endogenous VEGF gene, as well as several other 
HIF-1 target genes in vitro. In vivo administration of HIF-1α/
VP16 hybrid gene in a rabbit model of hindlimb ischemia was 
associated with significant improvements in calf blood pressure 
ratio, angiographic score, resting and maximal regional blood 
flow, and capillary density.55 The HIF-1α/VP16 hybrid transcrip-
tion factor was also shown to be effective in reducing infarct size 
and enhance neovascularization in a rat acute myocardial infarc-
tion model,56 as well as confer protection to cultured neonatal rat 
cardiomyocytes by late-phase pre-conditioning against simulated 
ischemia-reperfusion injury.57 In 2005, Kido et al. showed that 
constitutive overexpression of HIF-1α in the murine hearts of 
transgenic mice resulted in attenuated infarct size and improved 
cardiac function 4 weeks after myocardial infarction,58 while in 
another study administration of adenovirus encoding HIF-1α 
increased myocardial perfusion and improved left ventricular 
function in a pig model of left circumflex coronary artery occlu-
sion.59 Furthermore, inoculation of HIF-1α naked DNA into the 
brain surface or the temporal muscle in a rat model of cerebral 
ischemia increased expression of HIF1α and VEGF, with forma-
tion of collateral circulation.60 In the same year, Pajusola et al. 
showed that injection of adeno-associated virus (AAV), encoding 
a form of constitutively active HIF-1α, into non-ischemic skeletal 
muscle induced marked capillary sprouting, whereas AAV-VEGF 
induced only endothelial proliferation without proper vessel for-
mation.61 Importantly, unlike VEGF, HIF-1α overexpression did 
not increase vascular leakiness in the transduced muscle. These 
findings were in agreement with those of a previous study show-
ing that despite marked induction of hypervascularity, HIF-1α 
did not induce edema, inflammation, or vascular leakage, pheno-
types developing in transgenic mice overexpressing VEGF cDNA 
in skin.62 In another study, Trentin et al. delivered a gene encod-
ing a stabilized form of HIF-1α, lacking the oxygen-sensitive 
degradation domain (HIF-1α deltaODD), by using a non-viral, 
peptide-based gene delivery vector in fibrin matrix.63 When the 

in a rapid increase in HIF-1α levels and transcriptional activ-
ity. HIF-1α translocates to the nucleus, dimerizes with HIF-1β, 
and binds to hypoxia response elements (HREs), which function 
as cis-acting elements that determine the target genes for acti-
vation by HIF-1.7,8 HIF-1α protein levels, HIF-1 DNA-binding 
activity, and HIF-1 transcriptional activity can be increased by 
exposure of cells to cobalt chloride (CoCl

2
) or deferoxamine 

(DFO), agents that act through inhibition of PHDs.7,18 Co2+ may 
induce HIF-1 activity through depletion of intracellular ascor-
bate,46 which maintains iron in its active (reduced) Fe2+ state and 
is therefore essential for proper PHD function. DFO is an iron 
chelator that induces HIF-1 activity by reducing Fe2+availability, 
while dimethyloxalylglycine (DMOG) is a competitive antago-
nist of α-ketoglutarate that inhibits PHD activity and blocks the 
O

2
-dependent degradation of HIF-1α.45

Hoenig et al. discussed the importance of depressed HIF-1α-
mediated gene programming as the most fundamental of all car-
diovascular risk factors, linked to the dysfunctional regulation of 
the SDF-1/CXCR4 axis, which forms the final common pathway 
for endothelial progenitor cell (EPC) mobilization by hypoxia.44 
The authors proposed the use of cobalt and hydralazine, another 
PHD-inhibiting compound,47 to enhance EPC function and 
homing to target tissues, as a strategy to overcome the limited 
success of studies employing EPC transplantation. An earlier 
study had indeed shown that intraperitoneal administration of 
DFO to aged mice restored HIF-1α expression and ischemia-
induced mobilization of EPCs in an ischemic skin flap, which 
resulted in improved flap vascularization and tissue survival that 
was comparable to young mice.48 In a more recent study, Takaku 
and coworkers treated mice, with ischemic skin flaps on their 
dorsum, intraperitoneally with DMOG 48hr prior to surgery.49 
There was a significant increase in the surviving area with neo-
vascularization of the ischemic flaps, accompanied by marked 
increases in circulating EPCs and bone marrow proliferative 
progenitor cells within 48hr after DMOG treatment. Here, 
heterozygous HIF-1α-deficient mice exhibited smaller surviv-
ing flap areas, fewer circulating EPCs, and larger numbers of 
apoptotic cells than did wild-type mice, while DMOG pretreat-
ment of the mutant mice completely restored these parameters. 
The angiogenic effect of hydralazine has been demonstrated in 
a study where exposure of transgenic zebrafish embryos, exhib-
iting fluorescent blood vessels, to hydralazine hydrochloride 
induced formation of ectopic blood vessels in the subintestinal 
vessel basket.50 Local administration of CoCl

2
, on the other 

hand, could correct the reduced HIF-1α and VEGF mRNA and 
protein expression in cutaneous wounds of leptin receptor-defi-
cient diabetic mice.51 Wound healing was also improved in the 
same animal model by local application of DFO or DMOG.52 
In another study in mice, combination of DMOG treatment 
with femoral artery ligation resulted in a significant increase in 
endogenous HIF-1α protein and a 39% increase in capillary-to-
fiber ratio in ischemic muscles, whereas individual treatments 
produced little effect.53 In this study, production of the VEGF 
receptor Flk-1 was more enhanced in ischemic + DMOG-treated 
muscles, which may explain the intensive growth of capillaries 
in those muscles.
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endothelial cells within ischemic muscle following systemic IV 
administration.72 Systemic tail-vein administration of this adeno-
virus in a mouse hindlimb ischemia model resulted in enhanced 
blood perfusion, improved clinical outcome, and increased capil-
lary density without systemic toxicity, in contrast to the profound 
systemic side effects and lack of therapeutic efficacy following 
cytomegalovirus (CMV)-regulated HIF-1α administration.72

A recent study further explored the therapeutic effect of com-
bined gene delivery, by treating ischemic mouse hindlimbs with 
gene therapy of HIF-1α and/or heme oxygenase-1 (HO-1).73 
HO-1 is an enzyme that degrades heme to carbon monoxide 
(CO), biliverdin, and ferrous iron, and plays a major role in the 
protection against oxidative injury, regulates cell proliferation, 
modulates inflammatory response and facilitates angiogenesis.74 
Interestingly, the therapy proved superior to both single-gene 
therapies, resulting in rapid expression of HIF-1α gene and long-
term maintenance of expressed HO-1 protein.73 The apoptosis 
in the ischemic region was significantly less, while angiogenic 
growth factor secretion and angiogenesis were greater in the com-
bined gene therapy than in either of the single-gene therapies. 
This study, therefore, highlights the scope for further exploring 
the concomitant delivery of two or more genes, to activate mul-
tiple targets in the angiogenic cascade and generate a more robust 
angiogenic response.

Cell-based gene therapy. In addition to delivering genes 
directly into tissue through virus- or peptide-based vectors, 
another strategy being explored is based on genetically modify-
ing selected cells in vitro, prior to their transplantation. Indeed, 
expression of stable forms of HIF-1α and HIF-2α by retrovirally 
transduced bone marrow stromal cells (BMSCs) promoted dif-
ferentiation of BMSCs to the endothelial lineage and induced 
upregulation of angiogenic proteins, which improved tube for-
mation.75 Interestingly, delivery of HIF-2α-transduced BMSCs 
induced a more robust angiogenic response, compared with 
HIF-1α-transduced BMSCs in the corneal micropocket angio-
genesis model. In another study, EPCs modified through adeno-
viral transfer of HIF-1α, were administered to nude mice with 
hindlimb ischemia.76 HIF-1α overexpression enhanced its mRNA 
and protein expression in the ischemia zone, and limb and toe 
necrosis was significantly reduced at 14 d after transplantation, 
an effect lasting up to two months of follow-up. Furthermore, 
neovascularization was improved and exogenous EPC homing 
was observed.76

Another study suggested that HIF-1α might also contribute to 
the therapeutic effect of neural stem cell (NSC) transplantation in 
cerebral ischemia.77 Control NSC infected with control adenovi-
rus (NSC-Ad), standalone recombinant adenovirus Ad-HIF-1α, 
or NSC infected by Ad-HIF-1α (NSC-Ad-HIF-1α), were used 
for intraventricular transplantion into rat brain 24 h following 
middle cerebral artery occlusion (MCAO). Functional improve-
ment was accelerated in animals receiving either NSC-Ad or 
Ad-HIF-1α, however, improvement at all times between 7 and 28 
d post MCAO was significantly greater in animals transplanted 
with NSC-Ad-HIF-1α. NSC-Ad-HIF-1α cells also increased 
the number of factor VIII-positive cells in the region of isch-
emic injury, indicating that HIF-1α expression could promote 

peptide-DNA nanoparticles entrapped in fibrin matrices were 
applied to full-thickness dermal wounds in mice, the maturity 
of the vessels induced by HIF-1α deltaODD was significantly 
higher than that induced by VEGF-A165 protein, as shown by 
stabilization of the neovessels with smooth muscle. By showing 
that HIF-1α activation is not only superior to VEGF in its angio-
genic effect, but also can circumvent common problems associ-
ated with overexpression of individual angiogenic growth factors, 
such as formation of unstable/leaky vasculature, these early stud-
ies provided the much needed evidence to the notion that engi-
neering of physiological angiogenesis will only likely be feasible 
by inducing the process at its very onset using hypoxia.

In a later study, electroporation-assisted transduction into 
the skin of diabetic mice of a plasmid vector encoding a con-
stitutively active form of HIF-1α, designated CA5, significantly 
increased cutaneous HIF-1α, ANGPT2, PDGF-B, PLGF, and 
VEGF mRNA levels, and the vascularization and rate of healing 
of excisional skin wounds.64 This supported the findings of other 
studies, where improved wound healing was also observed after 
injection of a plasmid or adenovirus encoding various constitu-
tively active forms of HIF-1α.51,52 Increased expression of these 
factors had been already previously shown after adenoviral deliv-
ery of CA5 (AdCA5), by injection into male New Zealand white 
rabbits that were subjected to superficial femoral artery occlu-
sion.65 In that study, AdCA5-injected limbs showed improved 
calf blood pressure ratios, angiographic perfusion scores and dis-
tal deep femoral artery diameter ratio relative to those receiving 
control AdLacZ. Similarly, in diabetic mice subjected to femoral 
artery ligation, intramuscular (IM) injection of AdCA5 into the 
ischemic calf and thigh muscle, significantly increased circulat-
ing angiogenic cells (CACs) in peripheral blood, limb perfu-
sion, tissue viability, and motor function.66 These changes were 
associated with increased vessel luminal area and vessel density 
in the AdCA5-transduced ischemic limbs, demonstrating an 
arteriogenic effect. IM-administered AdCA5 was also sufficient 
in overcoming the impaired recovery of limb perfusion in mid-
dle-aged mice,67 but did not improve recovery or prevent tissue 
damage in old mice.68 The IM route was also used to deliver an 
adenovirus encoding the aforementioned HIF-1α/VP-16 fusion 
protein, which stimulated collateral development in diabetic rats 
subjected to femoral artery ligation.69 This latter construct was 
also tested in a patient study, however, while well tolerated when 
delivered into the lower extremity of 34 patients with non-recon-
structable critical limb ischemia (CLI), it only showed moderate 
clinical efficacy (improvement in ulcer healing and rest pain).70 
In a more recent study employing a rabbit model of acute hind 
limb ischemia, administration of Ad-HIF-1α-Trip, yet another 
form of constitutively active form of HIF-1α, improved tissue 
perfusion and formation of mature collateral vessels in ischemic 
skeletal muscle.71

For assessing the feasibility and efficacy of transcriptionally-
controlled systemic pro-angiogenic gene therapy, Tal et al. created 
an adenovirus expressing a stabilized HIF-1α molecule, acti-
vated by constitutive activation of its C-transactivation domain, 
and regulated by PPE1–3×, a modified murine preproendothe-
lin-1 promoter, that can target gene expression specifically to 
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for example, by employing thermo-responsive hydrogels which 
can provide an in situ depot for the sustained release of drugs, 
as well as provide protection and cohesion for encapsulated cells. 
In a recent study, human MSCs and DFO were combined with 
a thermo-responsive chitosan/β-glycerophosphate (β-GP) gel, to 
function as an injectable, multimodal, pro-angiogenic therapeu-
tic for the treatment of CLI.80 This gel provided a sustained, bio-
logically active release of DFO over seven days, while permitting 
the survival, proliferation and migration of encapsulated MSCs. 
MSCs encapsulated in gel containing DFO displayed an upregu-
lation in VEGF expression, while the combination of MSCs and 
DFO within the gel resulted in a synergistic enhancement in 
bioactivity, as measured by increased VEGF expression in gel-
exposed human umbilical vein endothelial cells.

Future Directions

In this review we have discussed the most significant to this day 
developments in strategies targeting hypoxia-based therapeutic 
angiogenesis. The field, while it is currently rapidly advancing, is 
still at its infancy, and is only now getting the global attention it 
deserves, emerging as a promising solution to the shortcomings 
of single factor therapies. The studies presented here provide a 
solid foundation for the design of clinical trials with patients suf-
fering from ischemic conditions. In order to successfully move 
into this next phase, however, strategies will need to take into 
consideration the importance of target specificity, controlled 
factor delivery kinetics, as well as the need to employ multiple 
therapeutic modalities so that spatiotemporally-controlled, phys-
iological angiogenesis is timely induced and maintained. Below, 
we speculate on the likely thematic directions that could come to 
define the field in the near future, and facilitate its translational 
application.

When preconditioning cells to hypoxia in 3D matrices, 
understanding their basal O

2
 and nutrient requirements is key. 

Any scaffold design will need to take such parameters into con-
sideration, especially as the addition of cells introduces gradients 
of consumption of such molecules from the surface to the core 
of scaffolds.26,81 For example, it was recently shown that the rates 
of O

2
 consumption by human dermal fibroblasts and human 

bone marrow derived stromal cells, seeded in 3D native colla-
gen type I scaffolds, are lower than previously published rates 
for similar cells cultured in 2D, but more representative of rates 
of consumption measured in vivo.82 These values will dictate 3D 
culture parameters, including maximum cell-seeding density 
and maximum cell-matrix depot size, for optimization of cellular 
angiogenic factor production and delivery.

The mechanical properties and matrix structure (nano-/
micro-structure, internal surface area, nano-pore volume and 
nano-pore distribution) of a scaffold will also determine its abil-
ity to support O

2
/nutrient diffusion to seeded cells,26,83 as well as 

control the retention/release of secreted macromolecular growth 
factor proteins. While low O

2
 tension (e.g., 3% O

2
) enhances 

angiogenic cell signaling, where O
2
 is critically low (pathological 

hypoxia, i.e., <1% O
2
), cell survival becomes compromised. In 

this respect, collagen matrices provide ideal scaffold candidates, 

angiogenesis.77 These findings indicate that transplantation of 
genetically-modified NSCs, expressing HIF-1α, could have ther-
apeutic utility in ischemic stroke.

According to recent work, HIF-1α gene therapy could poten-
tially be used to promote bone repair. Using lentivirus-mediated 
delivery of a constitutively active form of HIF-1α, Zou et al. 
found that HIF-1α-overexpressing bone marrow-derived mes-
enchymal stem cells dramatically improved the repair of criti-
cal-sized rat calvarial defects, including increased bone volume, 
bone mineral density, blood vessel number, and blood vessel area,  
8 weeks after implantation.78

Targeting hypoxia-mediated angiogenic induction at a more 
downstream level, Kim et al. introduced a hypoxia-inducible 
VEGF expression vector into mesenchymal stem cells (HI-VEGF-
MSCs), through a non-viral delivery method, which were then 
used for the treatment of ischemic myocardial injury in rats.79 
In vivo transplantation of HI-VEGF-MSCs induced ischemia-
responsive VEGF production, leading to a significant increase 
in myocardial neovascularization after myocardial infarction. 
When compared with unmodified-MSCs, HI-VEGF-MSCs 
were retained in infarcted myocardium in greater numbers and 
produced a substantial attenuation of left ventricular remodel-
ing in rat myocardial infarction.79 Thus cell-based gene therapy 
could also be a promising strategy for the treatment of ischemic 
heart disease.

Combinational therapy. In addition to the above described 
single-mode therapies, newer strategies have explored the possi-
bility to combine pharmacological, cell and/or gene therapy as a 
multi-faceted approach to dealing with the complexity of an isch-
emic tissue microenvironment. For example, although AdCA5 
delivery to muscle improves production of angiogenic cytokines, 
it does not address the functional cellular impairment that is also 
associated with aging. To promote vascular remodeling, cells 
must be recruited to, and retained in, the ischemic tissue. Rey 
and coworkers devised a three-component strategy for promot-
ing recovery following femoral artery ligation in old mice;68 first, 
AdCA5 was injected into the thigh and calf of the ischemic limb, 
which served to mobilize CACs and recruit them to the target 
site. Second, bone marrow-derived angiogenic cells (BMDACs) 
from a donor mouse were cultured for 4 d in the presence of 
angiogenic growth factors plus DMOG to induce HIF-1 activity. 
Third, IV injection of these into recipient ischemic mice was per-
formed 24 h after femoral artery ligation and AdCA5 injection. 
A significant improvement in recovery of perfusion and limb sal-
vage was observed only in mice that received IM AdCA5 + IV 
DMOG-treated BMDACs and was not observed in mice that 
received only IM AdCA5 or only IV DMOG-treated BMDACs 
or IM AdCA5 + IV vehicle-treated BMDACs. The authors con-
cluded that the synergistic effect of these treatments was due to 
increased recruitment of BMDACs to the ischemic limb induced 
by IM AdCA5, whereas DMOG treatment promoted retention 
of recruited BMDACs by increasing the expression of cell surface 
CD11/CD18 (β2) integrins.68

As we mentioned in previous sections, the ability to provide 
spatially distinct signaling is paramount for successful generation 
of localized and directional angiogenesis. This could be achieved, 
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for rapid degradation of a target protein under normoxia.89 For 
even greater hypoxia-specific gene expression, pEpo-SV-Luc-
ODD was constructed with the erythropoietin (Epo) enhancer 
and the ODD domain, which showed more than 1000 times 
increase of gene expression under hypoxia in Neuro2A cells, 
compared with normoxia. Reoxygenation studies after hypoxia 
incubation showed that gene expression was indeed decreased 
in response to increased oxygen concentration. In later work by 
the same group, the activity of the Epo enhancer-SV promoter 
system was further enhanced by co-transfection of the HIF1α 
gene (pSV-HIF1α).90 Co-transfection of pEpo-SV-VEGF with 
pSV-HIF1α showed enhanced VEGF expression without loss 
of hypoxia specificity, while pSV-HIF1α induced endogenous 
hypoxia-responsive genes such as angiopoietin-1. Development 
of such highly hypoxia-specific gene expression systems could be 
useful for targeting gene therapy to ischemic tissues, and should 
therefore be the focus of future work.

Viral vectors offer high transfection efficiency and stable gene 
expression, although concerns over their ability to elicit toxic 
immune responses still remain.91,92 Furthermore, this high trans-
duction does not necessarily translate into improved efficacy.93 
Currently, polymeric non-viral gene delivery remains underrepre-
sented.94 In the past decade, however, several advances have been 
made in non-viral vector development, contributing to increased 
transfection efficiency.95 Some of these polymers employ lipid 
modifications to improve transfection. For example, water-sol-
uble lipopolymer (WSLP) was used to deliver hypoxia-respon-
sive driven expression of VEGF to ischemic rabbit myocardium, 
and has demonstrated a significant reduction in infarct size over 
constitutive VEGF expression, a significant reduction in apop-
totic values and an increase in capillary growth in surrounding 
tissue.96 Recently, investigations have begun using bioreducible 
polymers made of poly(amido polyethylenimines) (SS-PAEI). 
SS-PAEIs degrade within the cytoplasm through inherent 
redox mechanisms and provide for high transfection efficiencies 
(upwards to 60% in cardiovascular cell types) with little to no 
toxicity. Moreover, in vivo transfections in normoxic and hypoxic 
rabbit myocardium have proven to exceed those results of WSLP 
transfections by 2–5-fold.97 This new breed of polymers may thus 
eventually allow for decreased doses and use of new molecular 
mechanisms not previously available due to low transfection 
efficiencies.94

It has recently been proposed that normoxic preservation of 
HIF-1, by using small interfering RNA (siRNA) to silence PHD 
activity, could attenuate cardiac ischemia/reperfusion injury via a 
pre-conditioning effect.98 In wild-type mice infused with PHD2 
siRNA there was a reduction in cardiac PHD2 mRNA within 
24 h, while HIF-1α protein levels and HIF-1-dependent iNOS 
mRNA levels were increased. Furthermore, PHD2 siRNA-trans-
fected hearts from wild-type mice, subjected to 30 min isch-
emia followed by 60 min reperfusion, exhibited reduced infarct 
size when compared with non-targeting siRNA control, while 
this effect was shown to be mediated via an iNOS-dependent 
pathway98 and modulation of ischemia-reperfusion-associated 
cardiac inflammatory responses.99 Another study showed that 
in vivo angiogenesis could be observed in mice implanted with 

due to their ability to immerse cells in a biomimetic nano-fibrous 
matrix. Indeed, Cheema et al. showed that the O

2
 diffusion coef-

ficient of 11% density collagen scaffolds falls within the range of 
native intestinal submucosa.84 With regards to the role of scaf-
folds as carriers to cell-produced factors, utilization of natural 
polymeric matrices is also likely to provide improved functional-
ity. In a recent study, for example, we showed that type I collagen 
nano-porous gels could retain VEGF, produced by hypoxia-pre-
conditioned PBCs, to a much greater extent than other macro-
porous hydrogels.43

The role of scaffolds could extend beyond that of carri-
ers for cells and factors, to vehicles providing a controllable 
microenvironment where defined hypoxic conditions could 
be established, and continually exert their effect on cells dur-
ing the in vitro preconditioning phase, as well as in vivo, after 
implantation. For example, it was shown that by introducing 
micro-channelled architecture in 3D scaffolds, it is possible to 
controllably increase delivery of O

2
 to cells and switch off their 

hypoxic response.85 It is foreseeable, then, that by controlling 
the rate of formation of such channeled structures, one could 
precisely control O

2
 tension and the duration of hypoxic expo-

sure. In another study pointing toward this direction, hypoxia-
mimicking mesoporous bioactive glass (MBG) scaffolds were 
developed by incorporation of ionic Co2+.86 While low amounts 
of Co2+ (<5%) had no significant cytotoxicity, their incorpora-
tion significantly enhanced VEGF protein secretion, HIF-1α 
expression, and bone-related gene expression in BMSCs. Such 
hypoxia-mimicking scaffolds have potential utility in bone 
regeneration by combining enhanced angiogenesis with already 
existing osteogenic properties.

A disadvantage of currently available HIF-1 hydroxylase inhib-
itors is their lack of selectivity for PHDs and inability to specifi-
cally target different PHD isoforms, which restricts their clinical 
utility. A range of crystallographic analysis, sequence compari-
sons and modeling studies indicate that the active site, which is 
targeted by most of the currently used inhibitors, is highly con-
served among PHDs and FIH.18,87 This poses a challenge for 
the development of isoform-specific inhibitory compounds and 
necessitates alternative strategies. Nonetheless, several novel 
classes of PHD inhibitors are being developed that exhibit an 
improved selectivity for PHDs. Such novel compounds comprise 
aromatic heterocycles, related to pyridine derivatives, including 
pyrazolopyridines and 8-hydroxyquinolines.88 The generation of 
8-hydroxyquinolines is based on a recently described isoquino-
line derivative that specifically inhibits PHDs. Co-crystallization 
with PHD2 revealed key interactions between this compound 
and the active site of the enzyme,87 thereby serving as a basis for 
future design of selective inhibitors.

With regards to gene therapy, while it clearly forms a prom-
ising strategy for the treatment of tissue ischemia, caution is 
required in that unregulated expression of an angiogenic factor 
may induce pathological/ectopic angiogenesis and tumor growth. 
To avoid such side effects, gene expression should admittedly be 
tightly regulated. Working toward this goal, Kim et al. developed 
a hypoxia-specific gene expression plasmid, pSV-Luc-ODD, con-
structed with the oxygen-dependent degradation (ODD) domain 
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hypoxic stress after an ischemic event, underlined by the timely 
sequence of HIF-1 stabilization, gene expression and protein 
release, could be followed in reverse order so that the target tissue 
receives immediate angiogenic factor support, while a more long-
lasting hypoxia-induced signaling response is being recovered. 
This could be indeed achieved using currently available tools, for 
example first delivering off-the-shelf available factor protein mix-
tures, obtained from in vitro pre-conditioned hypoxic cell cul-
tures, followed by pharmacological/gene-based stabilization of 
HIF-1α, while eventually transplanting hypoxia pre-conditioned 
(stem) cells to aid tissue regeneration by re-establishing a healthy, 
angiogenic cell population at the diseased site (Fig. 2). While 
the relative future contribution of these individual hypoxia-based 
strategies toward a multi-modal approach remains to be seen, it 
is now apparent that a new era for ischemia therapy and tissue 
regeneration has finally begun.
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Matrigel plugs mixed with NIH3T3 cells that were transfected 
with a PHD2-siRNA vector,100 suggesting that a sound strategy 
could be based on combining siRNA together with cell trans-
plantation. Huang and coworkers also developed a construct that 
allows monitoring of gene expression non-invasively, and used it 
to show that inhibition of PHD2 by short hairpin RNA interfer-
ence (shRNA) can lead to significant improvement in angiogen-
esis and cardiac contractility in a mouse model of myocardial 
ischemia, effects associated with higher HIF-1α expression.101 In 
a recent study, it was shown that silencing of int6 gene restores 
function of the ischemic hindlimb in a rat model of peripheral 
arterial disease, an effect associated with early upregulation of 
HIF-2α and other angiogenic factors, including basic fibroblast 
growth factor and hepatocyte growth factor, in the muscles of the 
affected hindlimb.102 Therefore, induction of hypoxia-regulated 
signaling via siRNA might be a promising future strategy for pro-
moting therapeutic angiogenesis in tissue ischemia, and merits 
further investigation.

Strategies based on the combination of two or more thera-
peutic modalities will likely have an increasing role in the clini-
cal trials phase, not only because they hold the potential for 
delivering more potent angiogenic effects, but also because they 
offer the possibility for greater flexibility with regards to control-
ling the timing of angiogenic induction. It could be envisaged 
that the temporal progression of the natural tissue response to 

Figure 2. Schematic showing the chronological progression of the physiological, and then pathological processes, that set in following an ischemic 
event. A multi-modal therapeutic strategy (shown in italics) should focus at first providing immediate angiogenic support by delivering of on-demand 
available factor protein mixtures, obtained from in vitro pre-conditioned hypoxic cell cultures, in order to prevent the regression of newly-formed ves-
sels and permanent tissue damage, resulting from a gradual reduction in cellular response to chronic hypoxic stress (dashed line). At the same time, 
chemical HiF stabilization and/or induction of HiF-mediated signaling through gene transfer will ensure a continuous supply of angiogenic factors, 
to sustain tissue repair/regeneration. At a later stage, transplantation of hypoxia pre-conditioned cells can aid in re-establishing a healthy, angiogenic 
cell population at the target site, so that similar future episodes can be prevented. The therapeutic timeline of this approach (t2), therefore follows in 
‘reverse’ order the timeline of the physiological tissue response to hypoxia (t1), thus stimulating/supporting angiogenesis, and driving it to comple-
tion.

References
1. Ho TK, Abraham DJ, Black CM, Baker DM. Hypoxia-

inducible factor 1 in lower limb ischemia. Vascular 
2006; 14:321-7; PMID:17150152; http://dx.doi.
org/10.2310/6670.2006.00056

2. Carmeliet P. Mechanisms of angiogenesis and arterio-
genesis. Nat Med 2000; 6:389-95; PMID:10742145; 
http://dx.doi.org/10.1038/74651

3. Loges S, Roncal C, Carmeliet P. Development of tar-
geted angiogenic medicine. J Thromb Haemost 2009; 
7:21-33; PMID:18983480; http://dx.doi.org/10.1111/
j.1538-7836.2008.03203.x

4. Simons M. Angiogenesis: where do we 
stand now? Circulation 2005; 111:1556-66; 
PMID:15795364; http://dx.doi.org/10.1161/01.
CIR.0000159345.00591.8F

5. Cao Y. Monotherapy versus combination thera-
py of angiogenic and arteriogenic factors for the 
treatment of ischemic disorders. Curr Mol Med 
2009; 9:967-72; PMID:19925409; http://dx.doi.
org/10.2174/156652409789712747

6. Hickey MM, Simon MC. Regulation of angiogenesis 
by hypoxia and hypoxia-inducible factors. Curr Top 
Dev Biol 2006; 76:217-57; PMID:17118268; http://
dx.doi.org/10.1016/S0070-2153(06)76007-0

7. Rey S, Semenza GL. Hypoxia-inducible factor-1-de-
pendent mechanisms of vascularization and vascu-
lar remodelling. Cardiovasc Res 2010; 86:236-42; 
PMID:20164116; http://dx.doi.org/10.1093/cvr/
cvq045

8. Cassavaugh J, Lounsbury KM. Hypoxia-mediated 
biological control. J Cell Biochem 2011; 112:735-
44; PMID:21328446; http://dx.doi.org/10.1002/
jcb.22956

D
ow

nl
oa

de
d 

by
 [

C
ar

ne
gi

e 
M

el
lo

n 
U

ni
ve

rs
ity

] 
at

 0
8:

07
 0

1 
Fe

br
ua

ry
 2

01
5 



270 Organogenesis volume 9 issue 4

34. Hollenbeck ST, Senghaas A, Komatsu I, Zhang Y, 
Erdmann D, Klitzman B. Tissue engraftment of hypox-
ic-preconditioned adipose-derived stem cells improves 
flap viability. Wound Repair Regen 2012; 20:872-8; 
PMID:23110692; http://dx.doi.org/10.1111/j.1524-
475X.2012.00854.x

35. Di Santo S, Yang Z, Wyler von Ballmoos M, 
Voelzmann J, Diehm N, Baumgartner I, Kalka C. 
Novel cell-free strategy for therapeutic angiogenesis: in 
vitro generated conditioned medium can replace pro-
genitor cell transplantation. PLoS One 2009; 4:e5643; 
PMID:19479066; http://dx.doi.org/10.1371/journal.
pone.0005643

36. Chanyshev B, Shainberg A, Isak A, Chepurko Y, Porat 
E, Hochhauser E. Conditioned medium from hypoxic 
cells protects cardiomyocytes against ischemia. Mol 
Cell Biochem 2012; 363:167-78; PMID:22160856; 
http://dx.doi.org/10.1007/s11010-011-1169-7

37. Hsiao ST, Lokmic Z, Peshavariya H, Abberton KM, 
Dusting GJ, Lim SY, Dilley RJ. Hypoxic condition-
ing enhances the angiogenic paracrine activity of 
human adipose-derived stem cells. Stem Cells Dev 
2013; 22:1614-23; PMID:23282141; http://dx.doi.
org/10.1089/scd.2012.0602

38. Hadjipanayi E, Cheema U, Mudera V, Deng D, Liu 
W, Brown RA. First implantable device for hypoxia-
mediated angiogenic induction. J Control Release 
2011; 153:217-24; PMID:21458514; http://dx.doi.
org/10.1016/j.jconrel.2011.03.029

39. Cao L, Mooney DJ. Spatiotemporal control over growth 
factor signaling for therapeutic neovascularization. Adv 
Drug Deliv Rev 2007; 59:1340-50; PMID:17868951; 
http://dx.doi.org/10.1016/j.addr.2007.08.012

40. Komatsu DE, Hadjiargyrou M. Activation of the 
transcription factor HIF-1 and its target genes, 
VEGF, HO-1, iNOS, during fracture repair. Bone 
2004; 34:680-8; PMID:15050899; http://dx.doi.
org/10.1016/j.bone.2003.12.024

41. Ozduman K, Ozkan A, Yildirim O, Pamir MN, Gunel 
M, Kilic T. Temporal expression of angiogenesis-
related genes in developing neonatal rodent retina: a 
novel in vivo model to study cerebral vascular devel-
opment. Neurosurgery 2010; 66:538-43, discussion 
543; PMID:20173549; http://dx.doi.org/10.1227/01.
NEU.0000365615.24973.26

42. Ray PS, Estrada-Hernandez T, Sasaki H, Zhu L, 
Maulik N. Early effects of hypoxia/reoxygenation on 
VEGF, ang-1, ang-2 and their receptors in the rat myo-
cardium: implications for myocardial angiogenesis. Mol 
Cell Biochem 2000; 213:145-53; PMID:11129953; 
http://dx.doi.org/10.1023/A:1007180518474

43. Hadjipanayi E, Bauer AT, Moog P, Salgin B, Kuekrek 
H, Fersch B, Hopfner U, Meissner T, Schlüter A, 
Ninkovic M, et al. Cell-free carrier system for localized 
delivery of peripheral blood cell-derived engineered fac-
tor signaling: towards development of a one-step device 
for autologous angiogenic therapy. J Control Release 
2013; 169:91-102; PMID:23603614; http://dx.doi.
org/10.1016/j.jconrel.2013.04.008

44. Hoenig MR, Bianchi C, Sellke FW. Hypoxia inducible 
factor-1 alpha, endothelial progenitor cells, mono-
cytes, cardiovascular risk, wound healing, cobalt and 
hydralazine: a unifying hypothesis. Curr Drug Targets 
2008; 9:422-35; PMID:18473772; http://dx.doi.
org/10.2174/138945008784221215

45. Kaelin WG Jr., Ratcliffe PJ. Oxygen sensing by meta-
zoans: the central role of the HIF hydroxylase pathway. 
Mol Cell 2008; 30:393-402; PMID:18498744; http://
dx.doi.org/10.1016/j.molcel.2008.04.009

46. Salnikow K, Donald SP, Bruick RK, Zhitkovich A, 
Phang JM, Kasprzak KS. Depletion of intracellular 
ascorbate by the carcinogenic metals nickel and cobalt 
results in the induction of hypoxic stress. J Biol Chem 
2004; 279:40337-44; PMID:15271983; http://dx.doi.
org/10.1074/jbc.M403057200

21. Kubo M, Li TS, Kurazumi H, Takemoto Y, Ohshima 
M, Murata T, Katsura S, Morikage N, Furutani A, 
Hamano K. Hypoxic preconditioning enhances angio-
genic potential of bone marrow cells with aging-
related functional impairment. Circ J 2012; 76:986-
94; PMID:22293445; http://dx.doi.org/10.1253/circj.
CJ-11-0605

22. Hu XY, Yu SP, Fraser JL, Lu ZY, Ogle ME, Wang JA, 
Wei L. Transplantation of hypoxia-preconditioned 
mesenchymal stem cells improves infarcted heart func-
tion via enhanced survival of implanted cells and 
angiogenesis. J Thorac Cardiovasc Surg 2008; 135:799-
808; PMID:18374759; http://dx.doi.org/10.1016/j.
jtcvs.2007.07.071

23. Wei L, Fraser JL, Lu ZY, Hu X, Yu SP. Transplantation 
of hypoxia preconditioned bone marrow mesenchymal 
stem cells enhances angiogenesis and neurogenesis after 
cerebral ischemia in rats. Neurobiol Dis 2012; 46:635-
45; PMID:22426403; http://dx.doi.org/10.1016/j.
nbd.2012.03.002

24. Barkefors I, Le Jan S, Jakobsson L, Hejll E, Carlson G, 
Johansson H, Jarvius J, Park JW, Li Jeon N, Kreuger J. 
Endothelial cell migration in stable gradients of vascu-
lar endothelial growth factor A and fibroblast growth 
factor 2: effects on chemotaxis and chemokinesis. J Biol 
Chem 2008; 283:13905-12; PMID:18347025; http://
dx.doi.org/10.1074/jbc.M704917200

25. Hadjipanayi E, Brown RA, Mudera V, Deng D, Liu 
W, Cheema U. Controlling physiological angiogen-
esis by hypoxia-induced signaling. J Control Release 
2010; 146:309-17; PMID:20538024; http://dx.doi.
org/10.1016/j.jconrel.2010.05.037

26. Cheema U, Brown RA, Alp B, MacRobert AJ. 
Spatially defined oxygen gradients and vascular endo-
thelial growth factor expression in an engineered 
3D cell model. Cell Mol Life Sci 2008; 65:177-86; 
PMID:17994289; http://dx.doi.org/10.1007/s00018-
007-7356-8

27. Bhang SH, Cho SW, La WG, Lee TJ, Yang HS, 
Sun AY, Baek SH, Rhie JW, Kim BS. Angiogenesis 
in ischemic tissue produced by spheroid grafting 
of human adipose-derived stromal cells. Biomaterials 
2011; 32:2734-47; PMID:21262528; http://dx.doi.
org/10.1016/j.biomaterials.2010.12.035

28. Bhang SH, Lee S, Shin JY, Lee TJ, Kim BS. 
Transplantation of cord blood mesenchymal stem cells 
as spheroids enhances vascularization. Tissue Eng Part 
A 2012; 18:2138-47; PMID:22559333; http://dx.doi.
org/10.1089/ten.tea.2011.0640

29. Bhang SH, Lee S, Lee TJ, La WG, Yang HS, Cho 
SW, Kim BS. Three-dimensional cell grafting enhanc-
es the angiogenic efficacy of human umbilical vein 
endothelial cells. Tissue Eng Part A 2012; 18:310-
9; PMID:21902465; http://dx.doi.org/10.1089/ten.
tea.2011.0193

30. Park K. Engineered cell/matrix platform for hypoxia-
induced angiogenesis. J Control Release 2011; 153:197; 
PMID:21763733; http://dx.doi.org/10.1016/j.jcon-
rel.2011.07.012

31. Perez-Amodio S, Tra WM, Rakhorst HA, Hovius SE, 
van Neck JW. Hypoxia preconditioning of tissue-
engineered mucosa enhances its angiogenic capac-
ity in vitro. Tissue Eng Part A 2011; 17:1583-93; 
PMID:21303226; http://dx.doi.org/10.1089/ten.
tea.2010.0429

32. Wang JC, Xia L, Song XB, Wang CE, Wei FC. 
Transplantation of hypoxia preconditioned bone mar-
row mesenchymal stem cells improves survival of 
ultra-long random skin flap. Chin Med J (Engl) 2011; 
124:2507-11; PMID:21933596

33. Stubbs SL, Hsiao ST, Peshavariya HM, Lim SY, 
Dusting GJ, Dilley RJ. Hypoxic preconditioning 
enhances survival of human adipose-derived stem 
cells and conditions endothelial cells in vitro. Stem 
Cells Dev 2012; 21:1887-96; PMID:22165914; http://
dx.doi.org/10.1089/scd.2011.0289

9. Hadjipanayi E, Cheema U, Hopfner U, Bauer A, 
Machens HG, Schilling AF. Injectable system for 
spatio-temporally controlled delivery of hypoxia-
induced angiogenic signalling. J Control Release 
2012; 161:852-60; PMID:22634070; http://dx.doi.
org/10.1016/j.jconrel.2012.04.048

10. Levy AP. A cellular paradigm for the failure to 
increase vascular endothelial growth factor in 
chronically hypoxic states. Coron Artery Dis 1999; 
10:427-30; PMID:10474795; http://dx.doi.
org/10.1097/00019501-199909000-00013

11. Pichiule P, LaManna JC. Angiopoietin-2 and rat brain 
capillary remodeling during adaptation and deadapta-
tion to prolonged mild hypoxia. J Appl Physiol 2002; 
93:1131-9; PMID:12183511

12. Yamamoto A, Takahashi H, Kojima Y, Tsuda Y, 
Morio Y, Muramatsu M, Fukuchi Y. Downregulation 
of angiopoietin-1 and Tie2 in chronic hypox-
ic pulmonary hypertension. Respiration 2008; 
75:328-38; PMID:18073453; http://dx.doi.
org/10.1159/000112432

13. van Weel V, Seghers L, de Vries MR, Kuiper EJ, 
Schlingemann RO, Bajema IM, Lindeman JH, Delis-
van Diemen PM, van Hinsbergh VW, van Bockel 
JH, et al. Expression of vascular endothelial growth 
factor, stromal cell-derived factor-1, and CXCR4 in 
human limb muscle with acute and chronic isch-
emia. Arterioscler Thromb Vasc Biol 2007; 27:1426-
32; PMID:17363691; http://dx.doi.org/10.1161/
ATVBAHA.107.139642

14. Yuan HT, Li XZ, Pitera JE, Long DA, Woolf AS. 
Peritubular capillary loss after mouse acute nephro-
toxicity correlates with down-regulation of vascular 
endothelial growth factor-A and hypoxia-inducible 
factor-1 alpha. Am J Pathol 2003; 163:2289-301; 
PMID:14633603; http://dx.doi.org/10.1016/S0002-
9440(10)63586-9

15. Tuomisto TT, Rissanen TT, Vajanto I, Korkeela A, 
Rutanen J, Ylä-Herttuala S. HIF-VEGF-VEGFR-2, 
TNF-alpha and IGF pathways are upregulated in 
critical human skeletal muscle ischemia as studied 
with DNA array. Atherosclerosis 2004; 174:111-20; 
PMID:15135259; http://dx.doi.org/10.1016/j.athero-
sclerosis.2004.01.015

16. Luo F, Wariaro D, Lundberg G, Blegen H, Wahlberg 
E. Vascular growth factor expression in a rat model 
of severe limb ischemia. J Surg Res 2002; 108:258-
67; PMID:12505050; http://dx.doi.org/10.1006/
jsre.2002.6551

17. Olszewska-Pazdrak B, Hein TW, Olszewska P, Carney 
DH. Chronic hypoxia attenuates VEGF signaling and 
angiogenic responses by downregulation of KDR in 
human endothelial cells. Am J Physiol Cell Physiol 
2009; 296:C1162-70; PMID:19244479; http://dx.doi.
org/10.1152/ajpcell.00533.2008

18. Fraisl P, Aragonés J, Carmeliet P. Inhibition of oxy-
gen sensors as a therapeutic strategy for ischaemic 
and inflammatory disease. Nat Rev Drug Discov 
2009; 8:139-52; PMID:19165233; http://dx.doi.
org/10.1038/nrd2761

19. Kubo M, Li TS, Suzuki R, Shirasawa B, Morikage N, 
Ohshima M, Qin SL, Hamano K. Hypoxic precon-
ditioning increases survival and angiogenic potency 
of peripheral blood mononuclear cells via oxidative 
stress resistance. Am J Physiol Heart Circ Physiol 
2008; 294:H590-5; PMID:18156196; http://dx.doi.
org/10.1152/ajpheart.00856.2007

20. Kubo M, Li TS, Kamota T, Ohshima M, Qin SL, 
Hamano K. Increased expression of CXCR4 and integ-
rin alphaM in hypoxia-preconditioned cells contributes 
to improved cell retention and angiogenic potency. 
J Cell Physiol 2009; 220:508-14; PMID:19415696; 
http://dx.doi.org/10.1002/jcp.21803

D
ow

nl
oa

de
d 

by
 [

C
ar

ne
gi

e 
M

el
lo

n 
U

ni
ve

rs
ity

] 
at

 0
8:

07
 0

1 
Fe

br
ua

ry
 2

01
5 



www.landesbioscience.com Organogenesis 271

70. Rajagopalan S, Olin J, Deitcher S, Pieczek A, Laird 
J, Grossman PM, Goldman CK, McEllin K, Kelly R, 
Chronos N. Use of a constitutively active hypoxia-
inducible factor-1alpha transgene as a therapeutic 
strategy in no-option critical limb ischemia patients: 
phase I dose-escalation experience. Circulation 2007; 
115:1234-43; PMID:17309918

71. Li M, Liu C, Bin J, Wang Y, Chen J, Xiu J, Pei J, Lai 
Y, Chen D, Fan C, et al. Mutant hypoxia inducible 
factor-1α improves angiogenesis and tissue perfu-
sion in ischemic rabbit skeletal muscle. Microvasc 
Res 2011; 81:26-33; PMID:20937289; http://dx.doi.
org/10.1016/j.mvr.2010.09.008

72. Tal R, Shaish A, Rofe K, Feige E, Varda-Bloom N, 
Afek A, Barshack I, Bangio L, Hodish I, Greenberger 
S, et al. Endothelial-targeted gene transfer of hypoxia-
inducible factor-1alpha augments ischemic neovascu-
larization following systemic administration. Mol Ther 
2008; 16:1927-36; PMID:18797451; http://dx.doi.
org/10.1038/mt.2008.191

73. Bhang SH, Kim JH, Yang HS, La WG, Lee TJ, Kim 
GH, Kim HA, Lee M, Kim BS. Combined gene 
therapy with hypoxia-inducible factor-1α and heme 
oxygenase-1 for therapeutic angiogenesis. Tissue Eng 
Part A 2011; 17:915-26; PMID:20979535; http://
dx.doi.org/10.1089/ten.tea.2010.0493

74. Was H, Dulak J, Jozkowicz A. Heme oxygenase-1 
in tumor biology and therapy. Curr Drug Targets 
2010; 11:1551-70; PMID:20704546; http://dx.doi.
org/10.2174/1389450111009011551

75. Ben-Shoshan J, Schwartz S, Luboshits G, Maysel-
Auslender S, Barzelay A, Polak-Charcon S, Tzahor 
E, Barshack I, Barak A, Levkovitch-Verbin H, et 
al. Constitutive expression of HIF-1alpha and HIF-
2alpha in bone marrow stromal cells differentially 
promotes their proangiogenic properties. Stem Cells 
2008; 26:2634-43; PMID:18687993; http://dx.doi.
org/10.1634/stemcells.2008-0369

76. Jiang M, Wang B, Wang C, He B, Fan H, Shao Q, 
Gao L, Liu Y, Yan G, Pu J. In vivo enhancement of 
angiogenesis by adenoviral transfer of HIF-1alpha-
modified endothelial progenitor cells (Ad-HIF-1alpha-
modified EPC for angiogenesis). Int J Biochem Cell 
Biol 2008; 40:2284-95; PMID:18450499; http://
dx.doi.org/10.1016/j.biocel.2008.03.012

77. Wu W, Chen X, Hu C, Li J, Yu Z, Cai W. 
Transplantation of neural stem cells expressing hypoxia-
inducible factor-1alpha (HIF-1alpha) improves behav-
ioral recovery in a rat stroke model. J Clin Neurosci 
2010; 17:92-5; PMID:19913430; http://dx.doi.
org/10.1016/j.jocn.2009.03.039

78. Zou D, Zhang Z, Ye D, Tang A, Deng L, Han W, Zhao 
J, Wang S, Zhang W, Zhu C, et al. Repair of critical-
sized rat calvarial defects using genetically engineered 
bone marrow-derived mesenchymal stem cells overex-
pressing hypoxia-inducible factor-1α. Stem Cells 2011; 
29:1380-90; PMID:21774039

79. Kim SH, Moon HH, Kim HA, Hwang KC, Lee 
M, Choi D. Hypoxia-inducible vascular endothe-
lial growth factor-engineered mesenchymal stem 
cells prevent myocardial ischemic injury. Mol Ther 
2011; 19:741-50; PMID:21245851; http://dx.doi.
org/10.1038/mt.2010.301

80. Hastings CL, Kelly HM, Murphy MJ, Barry FP, 
O’Brien FJ, Duffy GP. Development of a thermore-
sponsive chitosan gel combined with human mesen-
chymal stem cells and desferrioxamine as a multimodal 
pro-angiogenic therapeutic for the treatment of critical 
limb ischaemia. J Control Release 2012; 161:73-80; 
PMID:22562065; http://dx.doi.org/10.1016/j.jcon-
rel.2012.04.033

81. Cheema U, Hadjipanayi E, Tammi N, Alp B, Mudera 
V, Brown RA. Identification of key factors in deep O2 
cell perfusion for vascular tissue engineering. Int J Artif 
Organs 2009; 32:318-28; PMID:19670183

58. Kido M, Du L, Sullivan CC, Li X, Deutsch R, 
Jamieson SW, Thistlethwaite PA. Hypoxia-inducible 
factor 1-alpha reduces infarction and attenuates pro-
gression of cardiac dysfunction after myocardial infarc-
tion in the mouse. J Am Coll Cardiol 2005; 46:2116-
24; PMID:16325051; http://dx.doi.org/10.1016/j.
jacc.2005.08.045

59. Heinl-Green A, Radke PW, Munkonge FM, Frass O, 
Zhu J, Vincent K, Geddes DM, Alton EW. The effi-
cacy of a ‘master switch gene’ HIF-1alpha in a porcine 
model of chronic myocardial ischaemia. Eur Heart J 
2005; 26:1327-32; PMID:15821009; http://dx.doi.
org/10.1093/eurheartj/ehi223

60. Matsuda T, Abe T, Wu JL, Fujiki M, Kobayashi 
H. Hypoxia-inducible factor-1alpha DNA induced 
angiogenesis in a rat cerebral ischemia model. Neurol 
Res 2005; 27:503-8; PMID:15978176; http://dx.doi.
org/10.1179/016164105X25144

61. Pajusola K, Künnapuu J, Vuorikoski S, Soronen J, 
André H, Pereira T, Korpisalo P, Ylä-Herttuala S, 
Poellinger L, Alitalo K. Stabilized HIF-1alpha is supe-
rior to VEGF for angiogenesis in skeletal muscle via 
adeno-associated virus gene transfer. FASEB J 2005; 
19:1365-7; PMID:15958522

62. Elson DA, Thurston G, Huang LE, Ginzinger DG, 
McDonald DM, Johnson RS, Arbeit JM. Induction 
of hypervascularity without leakage or inflam-
mation in transgenic mice overexpressing hypoxia-
inducible factor-1alpha. Genes Dev 2001; 15:2520-
32; PMID:11581158; http://dx.doi.org/10.1101/
gad.914801

63. Trentin D, Hall H, Wechsler S, Hubbell JA. Peptide-
matrix-mediated gene transfer of an oxygen-insensi-
tive hypoxia-inducible factor-1alpha variant for local 
induction of angiogenesis. Proc Natl Acad Sci U S A 
2006; 103:2506-11; PMID:16477043; http://dx.doi.
org/10.1073/pnas.0505964102

64. Liu L, Marti GP, Wei X, Zhang X, Zhang H, Liu YV, 
Nastai M, Semenza GL, Harmon JW. Age-dependent 
impairment of HIF-1alpha expression in diabetic 
mice: Correction with electroporation-facilitated gene 
therapy increases wound healing, angiogenesis, and cir-
culating angiogenic cells. J Cell Physiol 2008; 217:319-
27; PMID:18506785; http://dx.doi.org/10.1002/
jcp.21503

65. Patel TH, Kimura H, Weiss CR, Semenza GL, 
Hofmann LV. Constitutively active HIF-1alpha 
improves perfusion and arterial remodeling in an 
endovascular model of limb ischemia. Cardiovasc 
Res 2005; 68:144-54; PMID:15921668; http://dx.doi.
org/10.1016/j.cardiores.2005.05.002

66. Sarkar K, Fox-Talbot K, Steenbergen C, Bosch-Marcé 
M, Semenza GL. Adenoviral transfer of HIF-1alpha 
enhances vascular responses to critical limb isch-
emia in diabetic mice. Proc Natl Acad Sci U S A 
2009; 106:18769-74; PMID:19841279; http://dx.doi.
org/10.1073/pnas.0910561106

67. Bosch-Marce M, Okuyama H, Wesley JB, Sarkar 
K, Kimura H, Liu YV, Zhang H, Strazza M, Rey S, 
Savino L, et al. Effects of aging and hypoxia-inducible 
factor-1 activity on angiogenic cell mobilization and 
recovery of perfusion after limb ischemia. Circ Res 
2007; 101:1310-8; PMID:17932327; http://dx.doi.
org/10.1161/CIRCRESAHA.107.153346

68. Rey S, Lee K, Wang CJ, Gupta K, Chen S, McMillan 
A, Bhise N, Levchenko A, Semenza GL. Synergistic 
effect of HIF-1alpha gene therapy and HIF-1-activated 
bone marrow-derived angiogenic cells in a mouse 
model of limb ischemia. Proc Natl Acad Sci U S 
A 2009; 106:20399-404; PMID:19948968; http://
dx.doi.org/10.1073/pnas.0911921106

69. Kajiwara H, Luo Z, Belanger AJ, Urabe A, Vincent 
KA, Akita GY, Cheng SH, Mochizuki S, Gregory RJ, 
Jiang C. A hypoxic inducible factor-1 alpha hybrid 
enhances collateral development and reduces vascular 
leakage in diabetic rats. J Gene Med 2009; 11:390-
400; PMID:19291676; http://dx.doi.org/10.1002/
jgm.1318

47. Knowles HJ, Tian YM, Mole DR, Harris AL. Novel 
mechanism of action for hydralazine: induction of 
hypoxia-inducible factor-1alpha, vascular endothe-
lial growth factor, and angiogenesis by inhibition 
of prolyl hydroxylases. Circ Res 2004; 95:162-9; 
PMID:15192023; http://dx.doi.org/10.1161/01.
RES.0000134924.89412.70

48. Chang EI, Loh SA, Ceradini DJ, Chang EI, Lin 
SE, Bastidas N, Aarabi S, Chan DA, Freedman ML, 
Giaccia AJ, et al. Age decreases endothelial progenitor 
cell recruitment through decreases in hypoxia-inducible 
factor 1alpha stabilization during ischemia. Circulation 
2007; 116:2818-29; PMID:18040029; http://dx.doi.
org/10.1161/CIRCULATIONAHA.107.715847

49. Takaku M, Tomita S, Kurobe H, Kihira Y, Morimoto 
A, Higashida M, Ikeda Y, Ushiyama A, Hashimoto I, 
Nakanishi H, et al. Systemic preconditioning by a pro-
lyl hydroxylase inhibitor promotes prevention of skin 
flap necrosis via HIF-1-induced bone marrow-derived 
cells. PLoS One 2012; 7:e42964; PMID:22880134; 
http://dx.doi.org/10.1371/journal.pone.0042964

50. Raghunath M, Sy Wong Y, Farooq M, Ge R. 
Pharmacologically induced angiogenesis in trans-
genic zebrafish. Biochem Biophys Res Commun 
2009; 378:766-71; PMID:19068208; http://dx.doi.
org/10.1016/j.bbrc.2008.11.127

51. Mace KA, Yu DH, Paydar KZ, Boudreau N, Young 
DM. Sustained expression of Hif-1alpha in the diabetic 
environment promotes angiogenesis and cutaneous 
wound repair. Wound Repair Regen 2007; 15:636-45; 
PMID:17971009; http://dx.doi.org/10.1111/j.1524-
475X.2007.00278.x

52. Botusan IR, Sunkari VG, Savu O, Catrina AI, Grünler 
J, Lindberg S, Pereira T, Ylä-Herttuala S, Poellinger L, 
Brismar K, et al. Stabilization of HIF-1alpha is critical 
to improve wound healing in diabetic mice. Proc Natl 
Acad Sci U S A 2008; 105:19426-31; PMID:19057015; 
http://dx.doi.org/10.1073/pnas.0805230105

53. Milkiewicz M, Pugh CW, Egginton S. Inhibition 
of endogenous HIF inactivation induces angiogen-
esis in ischaemic skeletal muscles of mice. J Physiol 
2004; 560:21-6; PMID:15319416; http://dx.doi.
org/10.1113/jphysiol.2004.069757

54. Nangaku M, Izuhara Y, Takizawa S, Yamashita T, 
Fujii-Kuriyama Y, Ohneda O, Yamamoto M, van 
Ypersele de Strihou C, Hirayama N, Miyata T. A 
novel class of prolyl hydroxylase inhibitors induces 
angiogenesis and exerts organ protection against isch-
emia. Arterioscler Thromb Vasc Biol 2007; 27:2548-
54; PMID:17932321; http://dx.doi.org/10.1161/
ATVBAHA.107.148551

55. Vincent KA, Shyu KG, Luo Y, Magner M, Tio RA, 
Jiang C, Goldberg MA, Akita GY, Gregory RJ, Isner 
JM. Angiogenesis is induced in a rabbit model of 
hindlimb ischemia by naked DNA encoding an HIF-
1alpha/VP16 hybrid transcription factor. Circulation 
2000; 102:2255-61; PMID:11056102; http://dx.doi.
org/10.1161/01.CIR.102.18.2255

56. Shyu KG, Wang MT, Wang BW, Chang CC, Leu 
JG, Kuan P, Chang H. Intramyocardial injection of 
naked DNA encoding HIF-1alpha/VP16 hybrid to 
enhance angiogenesis in an acute myocardial infarction 
model in the rat. Cardiovasc Res 2002; 54:576-83; 
PMID:12031703; http://dx.doi.org/10.1016/S0008-
6363(02)00259-6

57. Date T, Mochizuki S, Belanger AJ, Yamakawa M, 
Luo Z, Vincent KA, Cheng SH, Gregory RJ, Jiang 
C. Expression of constitutively stable hybrid hypox-
ia-inducible factor-1alpha protects cultured rat car-
diomyocytes against simulated ischemia-reperfusion 
injury. Am J Physiol Cell Physiol 2005; 288:C314-
20; PMID:15496478; http://dx.doi.org/10.1152/ajp-
cell.00374.2004

D
ow

nl
oa

de
d 

by
 [

C
ar

ne
gi

e 
M

el
lo

n 
U

ni
ve

rs
ity

] 
at

 0
8:

07
 0

1 
Fe

br
ua

ry
 2

01
5 



272 Organogenesis volume 9 issue 4

97. Christensen LV, Chang CW, Yockman JW, Conners 
R, Jackson H, Zhong Z, Feijen J, Bull DA, Kim 
SW. Reducible poly(amido ethylenediamine) for 
hypoxia-inducible VEGF delivery. J Control Release 
2007; 118:254-61; PMID:17276536; http://dx.doi.
org/10.1016/j.jconrel.2006.12.018

98. Natarajan R, Salloum FN, Fisher BJ, Kukreja RC, 
Fowler AA 3rd. Hypoxia inducible factor-1 activa-
tion by prolyl 4-hydroxylase-2 gene silencing attenu-
ates myocardial ischemia reperfusion injury. Circ Res 
2006; 98:133-40; PMID:16306444; http://dx.doi.
org/10.1161/01.RES.0000197816.63513.27

99. Natarajan R, Salloum FN, Fisher BJ, Ownby ED, 
Kukreja RC, Fowler AA 3rd. Activation of hypox-
ia-inducible factor-1 via prolyl-4 hydoxylase-2 gene 
silencing attenuates acute inflammatory responses in 
postischemic myocardium. Am J Physiol Heart Circ 
Physiol 2007; 293:H1571-80; PMID:17545479; 
http://dx.doi.org/10.1152/ajpheart.00291.2007

100. Wu S, Nishiyama N, Kano MR, Morishita Y, Miyazono 
K, Itaka K, Chung UI, Kataoka K. Enhancement of 
angiogenesis through stabilization of hypoxia-inducible 
factor-1 by silencing prolyl hydroxylase domain-2 gene. 
Mol Ther 2008; 16:1227-34; PMID:18500250; http://
dx.doi.org/10.1038/mt.2008.90

101. Huang M, Chan DA, Jia F, Xie X, Li Z, Hoyt G, 
Robbins RC, Chen X, Giaccia AJ, Wu JC. Short 
hairpin RNA interference therapy for ischemic heart 
disease. Circulation 2008; 118(Suppl):S226-33; 
PMID:18824759; http://dx.doi.org/10.1161/
CIRCULATIONAHA.107.760785

102. Okamoto N, Tanaka A, Jung K, Karasawa K, Orito K, 
Matsuda A, Amagai Y, Oida K, Ohmori K, Matsuda H. 
Silencing of int6 gene restores function of the ischaemic 
hindlimb in a rat model of peripheral arterial disease. 
Cardiovasc Res 2011; 92:209-17; PMID:21771896; 
http://dx.doi.org/10.1093/cvr/cvr203

90. Lee S, Kim K, Kim HA, Kim SW, Lee M. 
Augmentation of erythropoietin enhancer-mediated 
hypoxia-inducible gene expression by co-transfection of 
a plasmid encoding hypoxia-inducible factor 1alpha for 
ischemic tissue targeting gene therapy. J Drug Target 
2008; 16:43-50; PMID:18172819; http://dx.doi.
org/10.1080/10611860701699693

91. McTiernan CF, Mathier MA, Zhu X, Xiao X, Klein 
E, Swan CH, Mehdi H, Gibson G, Trichel AM, 
Glorioso JC, et al. Myocarditis following adeno-
associated viral gene expression of human soluble TNF 
receptor (TNFRII-Fc) in baboon hearts. Gene Ther 
2007; 14:1613-22; PMID:17851548; http://dx.doi.
org/10.1038/sj.gt.3303020

92. Mughal NA, Russell DA, Ponnambalam S, Homer-
Vanniasinkam S. Gene therapy in the treatment of 
peripheral arterial disease. Br J Surg 2012; 99:6-15; 
PMID:22068822; http://dx.doi.org/10.1002/bjs.7743

93. Hao X, Månsson-Broberg A, Grinnemo KH, Siddiqui 
AJ, Dellgren G, Brodin LA, Sylvén C. Myocardial 
angiogenesis after plasmid or adenoviral VEGF-A(165) 
gene transfer in rat myocardial infarction model. 
Cardiovasc Res 2007; 73:481-7; PMID:17134685; 
http://dx.doi.org/10.1016/j.cardiores.2006.10.011

94. Yockman JW, Kastenmeier A, Erickson HM, Brumbach 
JG, Whitten MG, Albanil A, Li DY, Kim SW, Bull DA. 
Novel polymer carriers and gene constructs for treat-
ment of myocardial ischemia and infarction. J Control 
Release 2008; 132:260-6; PMID:18662730; http://
dx.doi.org/10.1016/j.jconrel.2008.06.024

95. Müller OJ, Katus HA, Bekeredjian R. Targeting 
the heart with gene therapy-optimized gene deliv-
ery methods. Cardiovasc Res 2007; 73:453-62; 
PMID:17097076; http://dx.doi.org/10.1016/j.cardio-
res.2006.09.021

96. Yockman JW, Choi D, Whitten MG, Chang CW, 
Kastenmeier A, Erickson H, Albanil A, Lee M, Kim 
SW, Bull DA. Polymeric gene delivery of ischemia-
inducible VEGF significantly attenuates infarct size 
and apoptosis following myocardial infarct. Gene Ther 
2009; 16:127-35; PMID:18784748; http://dx.doi.
org/10.1038/gt.2008.146

82. Streeter I, Cheema U. Oxygen consumption rate of cells 
in 3D culture: the use of experiment and simulation to 
measure kinetic parameters and optimise culture condi-
tions. Analyst 2011; 136:4013-9; PMID:21804989; 
http://dx.doi.org/10.1039/c1an15249a

83. Rong ZM, Cheema U, Vadgama P. Needle enzyme 
electrode based glucose diffusive transport measure-
ment in a collagen gel and validation of a simulation 
model. Analyst 2006; 131:816-21; PMID:16802027; 
http://dx.doi.org/10.1039/b600334f

84. Cheema U, Rong Z, Kirresh O, Macrobert AJ, 
Vadgama P, Brown RA. Oxygen diffusion through 
collagen scaffolds at defined densities: implications 
for cell survival in tissue models. J Tissue Eng Regen 
Med 2012; 6:77-84; PMID:21312340; http://dx.doi.
org/10.1002/term.402

85. Cheema U, Alekseeva T, Abou-Neel EA, Brown RA. 
Switching off angiogenic signalling: creating channelled 
constructs for adequate oxygen delivery in tissue engi-
neered constructs. Eur Cell Mater 2010; 20:274-80, 
discussion 280-1; PMID:20927711

86. Wu C, Zhou Y, Fan W, Han P, Chang J, Yuen J, Zhang 
M, Xiao Y. Hypoxia-mimicking mesoporous bioactive 
glass scaffolds with controllable cobalt ion release for 
bone tissue engineering. Biomaterials 2012; 33:2076-
85; PMID:22177618; http://dx.doi.org/10.1016/j.
biomaterials.2011.11.042

87. McDonough MA, Li V, Flashman E, Chowdhury 
R, Mohr C, Liénard BM, Zondlo J, Oldham NJ, 
Clifton IJ, Lewis J, et al. Cellular oxygen sensing: 
Crystal structure of hypoxia-inducible factor prolyl 
hydroxylase (PHD2). Proc Natl Acad Sci U S A 
2006; 103:9814-9; PMID:16782814; http://dx.doi.
org/10.1073/pnas.0601283103

88. Hewitson KS, McNeill LA, Schofield CJ. Modulating 
the hypoxia-inducible factor signaling pathway: appli-
cations from cardiovascular disease to cancer. Curr 
Pharm Des 2004; 10:821-33; PMID:15032687; 
http://dx.doi.org/10.2174/1381612043452884

89. Kim HA, Kim K, Kim SW, Lee M. Transcriptional and 
post-translational regulatory system for hypoxia specific 
gene expression using the erythropoietin enhancer and 
the oxygen-dependent degradation domain. J Control 
Release 2007; 121:218-24; PMID:17628167; http://
dx.doi.org/10.1016/j.jconrel.2007.05.036

D
ow

nl
oa

de
d 

by
 [

C
ar

ne
gi

e 
M

el
lo

n 
U

ni
ve

rs
ity

] 
at

 0
8:

07
 0

1 
Fe

br
ua

ry
 2

01
5 




