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Abstract
HIF-1α activates genes under hypoxia and was hypothesized to regulate bone regeneration.
Surprisingly, HIF-1α+/− fracture calluses are larger, stronger, and stiffer than HIF-1α+/+ calluses
because of decreased apoptosis. These data identify apoptosis inhibition as a means to enhance bone
regeneration.

Introduction—Bone regeneration subsequent to fracture involves the synergistic activation of
multiple signaling pathways. Localized hypoxia after fracture activates hypoxia-inducible factor 1α
(HIF-1α), leading to increased expression of HIF-1 target genes. We therefore hypothesized that
HIF-1α is a key regulator of bone regeneration.

Materials and Methods—Fixed femoral fractures were generated in mice with partial HIF-1α
deficiency (HIF-1α+/−) and wildtype littermates (HIF-1α+/+). Fracture calluses and intact
contralateral femurs from postfracture days (PFDs) 21 and 28 (N = 5–10) were subjected to μCT
evaluation and four-point bending to assess morphometric and mechanical properties. Molecular
analyses were carried out on PFD 7, 10, and 14 samples (N = 3) to determine differential gene
expression at both mRNA and protein levels. Finally, TUNEL staining was performed on PFD 14
samples (N = 2) to elucidate differential apoptosis.

Results—Surprisingly, fracture calluses from HIF-1α+/− mice exhibited greater mineralization and
were larger, stronger, and stiffer. Microarray analyses focused on hypoxia-induced genes revealed
differential expression (between genotypes) of several genes associated with the apoptotic pathway.
Real-time PCR confirmed these results, showing higher expression of proapoptotic protein
phosphatase 2a (PP2A) and lower expression of anti-apoptotic B-cell leukemia/lymphoma 2 (BCL2)
in HIF-1α+/+ calluses. Subsequent TUNEL staining showed that HIF-1α+/+ calluses contained larger
numbers of TUNEL+ chondrocytes and osteoblasts than HIF-1α+/− calluses.

Conclusions—We conclude that partial HIF-1α deficiency results in decreased chondrocytic and
osteoblastic apoptosis, thereby allowing the development of larger, stiffer calluses and enhancing
bone regeneration. Furthermore, apoptosis inhibition may be a promising target for developing new
treatments to accelerate bone regeneration.
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INTRODUCTION
Successful skeletal fracture repair occurs as a series of inter-related processes that begins with
inflammation and proceeds to intramembranous ossification, chondrogenesis, endochondral
ossification, and finally, remodeling resulting in scarless repair. During each process, numerous
signaling pathways are activated, leading to transcriptional responses that recapitulate aspects
of embryonic skeletal development combined with responses to acute tissue injury.(1–5)

Specifically, fracture repair begins with the formation of a hematoma, which initiates the
inflammatory response(6) that in turn activates several components of the reparative process
including intramembranous ossification and chondrogenesis.(3) The hematoma also isolates
the fracture site from perfusion, leading to low oxygen tension and regional hypoxia.(7)

Chondrocytes and osteoblasts responsible for formation of the soft and hard callus,
respectively, must therefore proliferate and differentiate, as well as begin cartilage and bone
deposition under conditions of hypoxia. In addition, timely blood vessel in-growth must be
initiated to restore physiological perfusion and promote endochondral ossification.(8–10)

Hypoxia-inducible factor 1α (HIF-1α) is an integral transcriptional regulator of anaerobic
metabolism and angiogenesis(11) that is functionally active in both osteoblasts and
chondrocytes. Osteoblastic HIF-1α protein levels increase in response to hypoxia concomitant
with elevation of vascular endothelial growth factor (VEGF) and proliferating cell nuclear
antigen (PCNA) levels, as well as attendant higher rates of proliferation and
differentiation.(12) Chondrocyte-specific HIF-1α–null mice exhibit perinatal lethality,
attributed to tracheal defects, as well as gross skeletal malformations, including shortened limbs
and abnormally wide and malformed ribcages.(13) Furthermore, chondrocytes isolated from
these mice lack VEGF induction when exposed to hypoxia and show lower rates of proliferation
under nonhypoxic conditions and decreased matrix synthesis and free ATP and lactate under
both hypoxic and non-hypoxic culture conditions.(14,15)

Previously, our laboratory showed temporal and spatial upregulation of HIF-1α and several of
its target genes during fracture repair.(2,16) This study was designed to further elucidate the
mechanistic role of HIF-1α in fracture repair. Using an established fixed femoral fracture
model, we performed tissue, cellular, and molecular analyses of fracture repair in mice with
partial HIF-1α deficiency (HIF-1α+/−) and compared their response directly to that of their
wildtype littermates (HIF-1α+/+). The results of these experiments establish HIF-1 as a key
regulator of bone regeneration.

MATERIALS AND METHODS
Animal model

All methods and animal procedures were reviewed and approved by the University’s
Institutional Animal Care and Use Committee and met or exceeded all federal guidelines for
the humane use of animals in research. Fixed fractures were generated in the left femurs of
adult female HIF-1α+/−and HIF-1α+/+ mice by the procedure first described by Bonnarens and
Einhorn(17) and routinely used in our laboratory.(2,4,5,16,18) At predetermined postfracture days
(PFDs), mice were killed by CO2 inhalation, and the fractured and contralateral (intact) femurs
were harvested and dissected free of soft tissue. Tail and liver samples were additionally
harvested for genotype verification. Samples used for imaging and mechanical testing were
harvested on PFDs 21 and 28 and stored in saline at −20°C until testing. Samples for RNA and
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protein extraction were harvested on PFDs 7, 10, and 14 and were stored in RNAlater (Ambion)
at −80°C until extraction, as previously described.(16) Samples for histology and TUNEL
staining were harvested on PFD 14 and immediately fixed in formalin (Fischer), followed by
decalcification as previously reported.(16) Samples were embedded in OCT (Tissue Tek), and
serial 8-μm longitudinal sections were cut using a cryostat (Leica) equipped with a CryoJane
tape-transfer system (Instrumedics). All analyses were carried out by experimenters blinded
to genotype.

μCT
μCT analyses were performed on intact (HIF-1α+/+, N = 20; HIF-1α+/−, N = 24) and fractured
femurs (PFD 21 HIF-1α+/+, N = 5; PFD 21 HIF-1α+/−, N = 5; PFD 28 HIF-1α+/+, N = 9; PFD
28 HIF-1α+/−, N = 6) using a μCT 40 (Scanco Medical) scanner at a slice resolution of 12 μm.
Samples were first evaluated in Scout Mode to determine femur lengths and regions of interest
(ROIs). Intact ROIs consisted of 212 slices centered at the mid-diaphysis, and fracture callus
ROIs ranged from 410 to 509 slices, centered at the calluses midpoint. For the intact analyses,
contour lines were applied to periosteal and endosteal surfaces, and bone volume (BV) and
total volume (TV) were computed at threshold settings of 1000 upper and 350 lower, with
sigma of 0.5 and support of 1.0. Endosteal (endosteal TV–endosteal BV), cortical (periosteal
BV), and periosteal (endosteal + cortical) volumes were computed and converted to cross-
sectional areas. Calluses were assessed for total and mineral volume. Contour lines were
applied to periosteal surfaces of three stacks of 42 slices (proximal, central, and distal), and
BV and TV were computed at thresholds of 460 upper and 170 lower (same sigma and support).
TV (new bone, old cortical bone, soft tissue) and BV (newly formed bone) are reported as total
and mineral volume, respectively. All results are reported as average ± SD.

Biomechanical testing
Intact (HIF-1α+/+, N = 20; HIF-1α+/−, N = 21) and fractured femurs (PFD 21 HIF-1α+/+, N =
5; PFD 21 HIF-1α+/−, N = 5; PFD 28 HIF-1α+/+, N = 10; PFD 28 HIF-1α+/−, N = 7) were
subjected to four-point bending tests using an MTS machine (858 Mini Bionix II; MTS)
equipped with a 100N load cell (SMT1–100N; Interface) and a custom designed loading jig.
Samples were centered in the jig and loaded anterior-posterior under displacement control at
0.1 mm/s. Displacement, force, and time were digitally sampled at 204.8 Hz. Stiffness was
determined by fitting linear regression lines to the elastic regions of the loading curves, whereas
strength was determined by finding the maximum force applied before failure. Callus results
were normalized to their contralateral intact femurs. Results are reported as average ± SD.

Microarrays analyses
Microarray analyses were performed using focused cDNA microarrays (GEArray Q Series
Mouse Hypoxia and Angiogenesis Array; SuperArray). For each microarray, 3 μg of pooled
callus RNA (N = 3 animals/genotype and time-point) was labeled with biotin-16-dUTP (Roche)
and amplified using the AmpoLabeling-LPR kit (SuperArray), according to the manufacturer’s
instructions. After overnight hybridization, membranes were washed, blocked, incubated with
binding buffer, washed again, and incubated in enhanced chemiluminescence (ECL) solution.
The membranes were exposed to film (BioMax MR; Kodak), and the resulting signals were
digitally scanned (HP ScanJet 5370C). Analyses were performed using the GEArray
Expression Analysis Suite software package (SuperArray). After aligning the spots, the signal
intensities were computed subject to the following dataset parameters: background correction,
Minimum Value; summation type, Average Density; normalization, Selected Genes (β-actin);
clover mode, Off. The normalized intensity values for each gene were used to calculate percent
differences in expression between genotypes. This calculation was performed by dividing the
difference of the normalized HIF-1α+/+ and HIF-1α+/− values by their average value and
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multiplying the result by 100. Consequently, positive results indicate higher expression in
HIF-1α+/+ calluses and negative results indicate higher expression in HIF-1α+/− samples. These
percent differences were subsequently subjected to a threshold that eliminated genes not
showing percent differences >100% for at least one time-point. MIAME compliant data from
these experiments have been submitted to the NCBI GEO database (Accession no. GSE6091).

Quantitative real-time RT-PCR
Quantitative real-time RT-PCR (qPCR) was performed on pooled RNA samples (N = 3
animals/genotype and time-point) from intact bone and fracture calluses. The genes, accession
numbers, primer sequences, and amplicon sizes are presented in Table 1. All experiments were
performed with an annealing temperature of 58°C and RNA concentrations of 5 ng/reaction,
as previously described.(16) All experiments were performed three times, and the results are
reported as average ± SD.

Immunoblot assay
Immunoblots were performed using pooled protein samples (N = 3 animals/genotype and time-
point) from intact bone and fracture calluses. For each blot, 50 μg of each protein pool was
fractionated by SDS-PAGE (7% acrylamide) and processed as previously described.(16)

Primary antibodies for HIF-1α (NB100–105; Novus) and β-actin (A5441; Sigma), as well as
horseradish peroxidase (HRP)-conjugated secondary antibodies (AP308P; Chemicon), were
used. Quantification of signal intensity was performed using the Kodak 1-D software package
(Kodak). The intensity values for HIF-1α were divided by their corresponding β-actin values,
yielding results in the unitless term of expression relative to β-actin. Blots were performed
three times, and results are reported as average ± SD.

TUNEL staining and histology
TUNEL staining was carried out on PFD 14 callus sections (N = 2 sections/animal and 2
animals/genotype) using an in situ apoptosis kit (Trevigen) in accordance with the
manufacturer’s protocol. Negative controls were generated on adjacent sections by omitting
TdT in the labeling solution. To visualize regions of bone and cartilage, Safranin O/Fast Green
staining was also performed by standard histological methodology. Sections were analyzed
under brightfield microscopy (Axiovert; Carl Zeiss), and images were captured with a CCD
camera (AxioCam MRc; Carl Zeiss). To quantify apoptosis, the number of positive cells from
×200 images containing the highest number of positive cells within the regions of cartilage
and woven bone were counted by four independent individuals. Results are reported as average
number of positive cells ± SD.

RESULTS
Intact HIF-1α+/− femurs and fracture calluses are larger

Intact femurs from HIF-1α+/+ and HIF-1α+/− mice were assessed by μCT for differences in
femoral geometry. Measurements of femoral length yielded virtually identical results (16.6 ±
0.6 and 16.7 ± 0.6 mm for the HIF-1α+/+ and HIF-1α+/− mice, respectively). However, when
the cross-sectional endosteal, cortical, and periosteal areas for the mid-diaphyseal ROI (Figs.
1A and 1B) were compared, a significant increase in periosteal cross-sectional area was
revealed for the HIF-1α+/− femurs (1.43 ± 0.17 mm2) compared with the HIF-1α+/+ femurs
(1.32 ± 0.15 mm2; Fig. 1C).

HIF-1α+/+ and HIF-1α+/− fracture calluses ROIs (Fig. 2A) were also analyzed, and visual
observation of the resultant images (Figs. 2B–2E) revealed several qualitative differences
between genotypes and time-points. At PFD 21, HIF-1α+/− calluses appear wider and more
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porous than HIF-1α+/+ calluses (Figs. 2B and 2C). By PFD 28, calluses from both genotypes
show evidence of remodeling, characterized by reduced porosity and smoothed and condensed
periosteal surfaces (Figs. 2D and 2E). This is more apparent in HIF-1α+/− calluses (Fig. 2E),
suggesting that fracture repair may be proceeding in an accelerated manner in these mice. In
agreement with these qualitative assessments, quantitated total and mineral volumetric
measurements also revealed that HIF-1α+/− calluses are larger (Figs. 2F–2H). Significant
increases were identified for mineral volume in the central region on PFD 21 (0.96 ± 0.18
mm3 for HIF-1α+/+ and 1.51 ± 0.43 mm3 for HIF-1α+/−; Fig. 2G) and total volume in the distal
region on PFD 21 (1.65 ± 0.30 mm3 for HIF-1α+/+ and 2.97 ± 1.15 mm3 for HIF-1α+/−; Fig.
2H).

Intact HIF-1α+/− femurs and fracture calluses are biomechanically superior
Subsequent to μCT analysis, biomechanical testing was conducted on the HIF-1α+/+ and
HIF-1α+/− intact and fractured femurs to determine stiffness and strength. No differences in
stiffness are present in the intact femurs (Fig. 3A). However, consistent with the observed
increase in cross-sectional area, a significant 15% increase in strength was observed for intact
HIF-1α+/− femurs (Fig. 3B). Similarly, testing of fracture calluses identified a significant
increase of 240% at PFD 21 for stiffness, along with a significant 88% increase in strength at
PFD 28 for the HIF-1α+/− samples (Figs. 3C and 3D). Together with the μCT results, these
data indicate that bone regeneration is enhanced in HIF-1α+/− mice.

HIF-1α expression is reduced in HIF-1α+/− mice
Although HIF-1α is predominately regulated at the protein level, prior research conducted in
our laboratory indicated that HIF-1α mRNA levels increase during the course of bone
regeneration.(16) As such, the expression levels of HIF-1α mRNA in the fracture calluses of
both genotypes were determined by qPCR analysis. As expected, the expression of HIF-α
mRNA in HIF-1α+/− calluses was lower than in HIF-1α+/+ calluses, with significant decreases
of 26% and 50% seen on PFDs 10 and 14, respectively (Fig. 4A). Furthermore, although
HIF-1α mRNA expression increased relative to intact bone in calluses from both genotypes,
the pattern and duration of induction varied. HIF-1α+/+ mice showed significantly elevated
HIF-1α expression at all three time-points, with peak expression of 6.6-fold (compared with
intact) on PFD 10 (Fig. 4A). In contrast, expression in HIF-1α+/− calluses peaked on PFD 7,
with a similar magnitude, and steadily diminished on PFDs 10 and 14, with significant
induction seen only at PFDs 7 and 10 (Fig. 4A).

Because the availability of HIF-1α to form the functional HIF-1 transcriptional complex is
controlled post-translationally, immunoblot assays for HIF-1α were performed (Fig. 4B).
Quantitation of signal intensities revealed a significant 59% decrease in HIF-1α protein from
HIF-1α+/− calluses compared with HIF-1α+/+ calluses on PFD 14 (Fig. 4C). Analogous to
mRNA expression, the patterns of HIF-1α protein induction relative to intact bone also vary
by genotype. HIF-1α+/+ calluses are characterized by a steady rise in HIF-1α protein, with
significant increases (compared with intact) seen on PFDs 10 and 14. In addition, the PFD 14
peak of 2.25-fold relative to intact was significantly higher than the expression levels at PFDs
7 and 10 (Fig. 4C). In contrast, HIF-1α expression levels in HIF-1α+/− calluses showed
significant elevation (compared with intact) at PFDs 10 and 14, but plateaued at ~1.6-fold
relative to intact and showed no differences between the sampled callus time-points (Fig. 4C).
These findings are entirely consistent with the expectation that partial HIF-1α deficiency
should result in decreased expression of HIF-1α.

Molecular mechanism for enhanced fracture repair
We next sought to study the molecular basis of the observed effects by identifying the gene(s)
responsible for enhanced bone regeneration in the HIF-1α+/− mice. This was accomplished by
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probing microarrays spotted with a subset of hypoxia-induced genes with RNA isolated from
HIF-1α+/+ and HIF-1α+/− calluses on PFDs 7, 10, and 14. Eighteen of these genes were
identified as differentially regulated between genotypes (Table 2). These genes include
ribosomal and mitochondrial genes (RPL137A, RPS2, UCP2), growth factor–related genes
(ADD1, ECE1, IGF2, IL6), transcriptional regulatory genes (AGTPBP1, BHLHB2, HIF-1α),
and genes related to apoptosis (BCL2, IGF2, IL6, PP2A). The identification of differential
expression of apoptosis-related genes in HIF-1α+/+ and HIF-1α+/−calluses presented a possible
mechanistic explanation for the observed differences in bone regeneration. Therefore, more
rigorous qPCR analyses of the proapoptotic gene protein phosphatase 2a (PP2A)(19,20) and
the anti-apoptotic gene B-cell leukemia/lymphoma 2 (BCL2)(19,21,22) were conducted.
Consistent with the HIF-1α expression analyses, these experiments included intact RNA
samples, allowing for comparison of expression levels to intact bone and between genotypes.

The qPCR analysis of fracture callus PP2A expression relative to intact bone showed
significant PP2A elevation for both genotypes at all time-points except for HIF-1α+/−at PFD
14 (Fig. 5A). Expression of PP2A in HIF-1α+/+ calluses rose to a PFD 14 peak of >2-fold above
intact levels, whereas HIF-1α+/− callus expression peaked at ~1.75-fold on PFD 7 (Fig. 5A).
When expression levels were compared between genotypes, no differences were apparent at
PFDs 7 and 10, but significantly reduced expression (~60%) in HIF-1α+/− calluses was seen
at PFD 14 (Fig. 5A). In contrast, BCL2 expression was significantly higher in HIF-1α+/−

calluses on PFDs 10 (~80%) and 14 (~50%; Fig. 5B). Additionally, comparison of callus and
intact BCL2 expression showed no apparent upregulation of BCL2 in HIF-1α+/+ calluses, but
a steady rise in HIF-1α+/− calluses, reaching an ~2-fold peak on PFD 14 (Fig. 5B). These data
suggest that elevated pro-apoptotic signaling in HIF-1α+/+ calluses, coupled with elevated anti-
apoptotic signaling in HIF-1α+/− calluses, may result in decreased apoptosis in HIF-1α+/−

calluses, explaining the observation of enhanced bone regeneration.

Partial HIF-1α deficiency leads to reduced apoptosis
Because the largest differences in apoptotic signaling were observed on PFD 14, TUNEL
staining was performed on callus sections from this time-point to assess differential apoptosis
(Figs. 5C and 5D). Photomicrographs of TUNEL staining performed on HIF-1α+/+ (Fig. 5C)
and HIF-1α+/−(Fig. 5D) callus sections showed apoptotic cells (labeled blue) present
throughout the fracture calluses and most apparent within regions of cartilage (Ca) and woven
bone (Wb). Additional staining was visible in the periosteum (P, arrow) and marrow near the
fracture site (F, arrow); however, it was diffuse and cannot be resolved to any cellular
phenotype. The cortical bone (Cb) showed no positive staining. Safranin O/fast green staining
was performed on an adjacent section (Fig. 5E) to clearly distinguish between regions of
cartilage (Ca, red) and woven bone (Wb, blue). Quantification of the number of positively
stained chondrocytes from regions of cartilage and osteoblasts from regions of woven bone
revealed significantly higher numbers of apoptotic cells in the fracture calluses of HIF-1α+/+

mice compared with those from HIF-1α+/− mice (Fig. 5F). In addition, the increase in apoptosis
was much larger for osteoblasts (~375%) than for chondrocytes (~100%; Fig. 5F), indicating
that inhibited osteoblast apoptosis contributed more to the observed enhancement in bone
regeneration in HIF-1α+/− mice than inhibited chondrocyte apoptosis.

DISCUSSION
Ideally, examination of the function of HIF-1α in fracture repair would be carried out in
homozygous HIF-1α–null mice rather than the heterozygotes used in these experiments.
However, complete HIF-1α deficiency results in embryonic lethality,(23,24) and even
conditional HIF-1α knockout limited to chondrocytes results in perinatal lethality,(13) thus
necessitating the use of heterozygous mice. Previous experiments conducted with these mice
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have shown no phenotype under conditions of normoxia but significantly impaired responses
to hypoxia.(25–28) The results of our experiments show that partial HIF-1α deficiency is also
sufficient to alter the normal process of bone regeneration.

One of the most thoroughly studied hypoxia-regulated processes is angiogenesis, and a broad
consensus has been reached establishing HIF-1α activation as a vital component of this
process.(29–35) Furthermore, proper angiogenesis is imperative for bone
regeneration,(8,9,36–39) with inhibition of fracture callus angiogenesis leading to abrogation of
the reparative process.(40,41) Based on these data, we originally hypothesized that partial
HIF-1α deficiency would result in impaired bone regeneration caused by decreased
angiogenesis. To our surprise, the results of the morphometric and biomechanical analyses
revealed the exact opposite: larger, more mineralized, stiffer and stronger calluses developed
in the HIF-1α+/− mice. These results led to the surprising conclusion that partial HIF-1α
deficiency enhances bone regeneration.

Although analyses of HIF-1α mRNA and protein levels revealed expected decreases in
HIF-1α+/− calluses, we analyzed several angiogenesis markers to ascertain that no
compensatory mechanism was promoting angiogenesis in an HIF-1α–independent fashion in
these samples. As expected, global angiogenic signaling, as determined by microarray analysis
(data not shown), and qPCR analysis of VEGF and platelet endothelial cell adhesion molecule
(PECAM; data not shown) all indicate that decreased angiogenic signaling is present in
HIF-1α+/− calluses. Because it is improbable that decreased angiogenesis could explain the
unexpected finding of enhanced bone regeneration in HIF-1α+/− mice, we closely examined
the hypoxia-inducible microarray data for molecular clues to the mechanism behind this
response. Within this dataset, we observed that several genes belonging to the apoptosis
pathway were differentially expressed, and the more stringent qPCR analyses established that
an increase in proapoptotic signaling, coupled with a decrease in anti-apoptotic signaling, is
present in HIF-1α+/+ calluses. Subsequent TUNEL staining showing reduced numbers of
apoptotic chondrocytes and osteoblasts in HIF-1α+/− fracture calluses confirmed that
differential signaling is correlated to differential apoptosis in these mice.

The relationship between hypoxia, HIF-1α, and apoptosis has been the subject of numerous
studies that have documented both pro- and anti-apoptotic effects of HIF-1α activation,
depending on the biological system.(42–44) The majority of these studies have used various
tumor and cancerous cell models; however, a few neuronal models have also been examined.
Of particular relevance to our findings is a study by Helton et al.(45) that showed a significant
decrease in hippocampal apoptosis in partially HIF-1α–deficient mice after exposure to
hypoxia. Additional experiments conducted on mice with complete HIF-1α deletion targeted
to the brain also showed decreased neuronal death after vascular occlusion.(45) These results
complement our findings and together offer compelling evidence that HIF-1α deficiency can
protect cells from hypoxia-related apoptosis.

Because apoptosis is responsible for removal of the large number of chondrocytes and
osteoblasts that are generated during the proliferative phase of fracture repair,(46–48) decreased
apoptosis in the calluses of HIF-1α+/− mice is therefore consistent with enhanced bone
regeneration. A thorough analysis of the spatiotemporal progression of apoptosis within the
fracture calluses of mice performed by Li et al.(47) identified PFD 16 as the point of maximal
apoptosis, which is in agreement with our finding of a PFD 14 peak in pro-apoptotic signaling
in HIF-1α+/+ calluses. Moreover, at PFD 14, we also observed the largest differences in
apoptotic signaling between HIF-1α+/+ and HIF-1α+/− mice, indicating that partial HIF-1α
deficiency affects apoptosis in the fracture callus at a pivotal time during bone regeneration.
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Similar to our results, studies of fracture healing in TNF-α receptor knockout mice show an
increase in fracture callus morphometry.(49) This difference is attributed to increased cartilage
formation attendant with lower rates of chondrocyte apoptosis. Whereas the effects of TNF-
α signaling abrogation during fracture repair are manifested in several other ways,(49) the
effects on chondrocytes support our findings and aid in discerning the possible mechanism by
which decreased chondrocyte apoptosis can enhance fracture repair. Specifically, lower rates
of chondrocyte apoptosis in HIF-1α+/− calluses result in prolonged matrix secretion, leading
to increases in ensuing endochondral ossification and contributing to the observed increases
in the morphometric and mechanical properties of the calluses.

In the case of osteoblasts, inhibited apoptosis is surmised to enhance bone regeneration through
increased intramembranous ossification resulting from prolonged activity. In a cortical defect
model, Olmedo et al.(50) found that administration of IL-1β resulted in increased callus
formation that was attributed to greater numbers of osteoblasts within the defect and lower
rates of osteoblastic apoptosis. Whereas these results support our finding of decreased
osteoblast apoptosis correlating with larger callus development, IL-1β administration also
increased the rate of osteoblast proliferation.(50) This additional effect makes it difficult to
distinguish between the relative contributions of proliferation and apoptosis to callus
formation. However, it is clear that increased numbers of callus osteoblasts indeed correlate
with larger callus development. Furthermore, because our results revealed higher rates of
apoptosis in osteoblasts than chondrocytes, they indicate that increased intramembranous
ossification contributes to the gains in mechanical properties seen in HIF-1α+/− fracture
calluses to a greater degree than increased endochondral ossification.

The results of this series of experiments have shown a significant and unexpected phenotype
of enhanced bone regeneration in HIF-1α+/− mice compared with wildtype littermates. The
morphometric and biomechanical analyses provide strong evidence for this conclusion with
subsequent molecular analyses identifying differential regulation of apoptosis as the likely
basis of these differences. Although differential transcription of PP2A and BCL2, as well as
differential rates of osteoblast and chondrocyte apoptosis, has been shown, the exact
mechanism by which partial HIF-1α deficiency decreases the rate of apoptosis remains to be
elucidated. In light of this limitation, future in vitro mechanistic experiments are being planned
to address this critical issue.

The broader long-term goal underlying this research is to identify therapeutic targets for
clinically accelerating bone regeneration. The results of these experiments show that partial
HIF-1α deficiency enhances the process of bone regeneration by decreasing chondrocyte and
osteoblast apoptosis. This presents the opportunity for a unique therapeutic approach to
accelerate bone regeneration, namely apoptosis inhibition. This approach may be more
efficacious than broad-based HIF-1α inhibition because it should not adversely affect
angiogenesis, which is clearly required for expedient bone regeneration. Taken together, the
results presented herein have not only increased our understanding of the role of HIF-1α in
fracture repair, but have also led to the identification of a novel line of research to develop
clinically useful therapeutics for the enhancement of skeletal regeneration.
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FIG. 1.
Intact femoral μCT analysis. (A) μCT image of intact femur with approximate ROI used for
areal analysis labeled. (B) Section of analyzed ROI with endosteal, cortical, and periosteal
regions labeled. (C) Bar graph showing average endosteal, cortical, and periosteal area cross-
sectional areas ± SD (mm2), as determined for HIF-1α+/+ and HIF-1α+/− mice. ap < 0.03,
significant difference between genotypes (Mann Whitney).
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FIG. 2.
Fracture callus μCT analysis. (A) μCT image of fractured femur with approximate ROI used
for volumetric analysis labeled. Representative images of calluses from (B) PFD 21
HIF-1α+/+ mouse; (C) PFD 21 HIF-1α+/− mouse; (D) PFD 28 HIF-1α+/+ mouse; and (E) PFD
28 HIF-1α+/− mouse. Scale bar represents 1 mm. Average total (including mineralized and
unmineralized tissue) and mineral volume (only newly formed bone; mm3) were quantified,
and bar graphs showing these averages ± SD for (F) proximal; (G) central; and (H) distal regions
are presented. ap < 0.03 and bp < 0.04, significant difference between genotypes (Mann
Whitney).
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FIG. 3.
Intact and fracture callus biomechanical properties Bar graphs denoting average intact femoral
(A) stiffness (N/mm) and (B) strength ± SD (N), as determined by four-point bending of
samples from HIF-1α+/+ and HIF-1α+/− mice. Test results for HIF-1α+/+ and HIF-1α+/− fracture
calluses were normalized to their contralateral (intact) controls and are presented as bar graphs
indicating percent of intact: (C) stiffness and (D) strength ± SD. ap < 0.05, bp < 0.03, and cp <
0.01, significant difference between genotypes (Mann Whitney).

Komatsu et al. Page 14

J Bone Miner Res. Author manuscript; available in PMC 2008 March 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIG. 4.
Temporal mRNA and protein expression of HIF-1α. (A) Results of qPCR determined mRNA
expression levels (average of three runs ± SD) are presented as a bar graph showing fold change
vs. intact bone (dashed line) for each time-point assessed. (B) Representative images of
immunoblots performed to assess HIF-1α protein levels with bands corresponding to HIF-1α
(120 kDa) and β-actin (42 kDa) labeled for each genotype and sample. (C) Line graph of
quantified signal intensities from HIF-1α immunoblots after normalization to β-actin (average
of three blots ± SD) for each time-point. ap < 0.01, significant difference between intact and
callus (Mann Whitney); bp < 0.02, significant difference between genotypes (Mann
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Whitney); cp < 0.03, significant difference between samples within each genotype (Kruskal-
Wallis with Tukey posthoc).
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FIG. 5.
Fracture callus apoptosis. Temporal mRNA expression patterns, as determined by qPCR, for
(A) PP2A and (B) BCL2, in the course of bone regeneration in HIF-1α+/+ and HIF-1α+/− mice
are presented as bar graphs (average of three runs ± SD) indicating fold change vs. intact bone
(dashed line). Photomicrographs of PFD 14 fracture calluses sections from (C) HIF-1α+/+ and
(D) HIF-1α+/− mice after TUNEL staining was performed to identify apoptotic cells. Apoptotic
cells (stained blue) are seen in regions of cartilage (Ca) and woven bone (Wb). Additionally
labeled are regions of cortical bone (Cb), the fracture site (F), and periosteum (P). (E) An
adjacent section stained with Safranin O/fast green to identify regions of cartilage (Ca, red)
and woven bone (Wb, blue) is also presented. Scale bars represent 200 μm in all images. (F)
Bar graph depicting the average number of apoptotic cells (N = 2 animals per time-point, two
sections per animal) ± SD counted in regions of cartilage and woven bone from HIF-1α+/+ and
HIF-1α+/− calluses. ap < 0.01, significant difference between intact and callus (Mann
Whitney); bp < 0.05, significant difference between genotypes (Mann Whitney); cp < 0.03,
significant difference between genotypes (Mann Whitney).
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Table 1
qPCR PRIMERS

Gene Accession no. Primer sequences Size (bp)

HIF-1α NM_010431 5′-GCTGAAGACACAGAGGCAAA-3′5′-
ATACTTGGAGGGCTTGGAGA-3′

158

PP2A NM_017374.2 5′-GGAAATCACCAGATACGAACTACC-3′5′-
GCACTCATCATAAAAGCCATACAC-3′

182

BCL2 NM_009741.2 5′-ATGTGTGTGGAGAGCGTCAA-3′5′-
AGAGACAGCCAGGAGAAATCAA-3′

182

β-Actin NM_007393.1 5′-ACTGGGACGACATGGAGAAG-3′5′-
GAGGCATACAGGGACAGCA-3′

202

The first column lists the name of each of the genes used in the qPCR analysis, the second presents the accession number of the sequence used in construction
of the primers, the third lists the sequences of the primers used (forward primer on top, reverse primer on bottom), and the final column indicates the sizes
of the resulting amplicons.
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