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Bone fractures represent an enormous societal and economic burden as one of the

most prevalent causes of disability worldwide. Each year, nearly 15 million people are

affected by fractures in the United States alone. Data indicate that the blood supply is

critical for fracture healing; as data indicate that concomitant bone and vascular injury

are major risk factors for non-union. However, the various role(s) that the vasculature

plays remains speculative. Fracture stabilization dictates stem cell fate choices during

repair. In stabilized fractures stem cells differentiate directly into osteoblasts and heal the

injury by intramembranous ossification. In contrast, in non-stable fractures stem cells

differentiate into chondrocytes and the bone heals through endochondral ossification,

where a cartilage template transforms into bone as the chondrocytes transform into

osteoblasts. One suggested role of the vasculature has been to participate in the

stem cell fate decisions due to delivery of oxygen. In stable fractures, the blood

vessels are thought to remain intact and promote osteogenesis, while in non-stable

fractures, continual disruption of the vasculature creates hypoxia that favors formation

of cartilage, which is avascular. However, recent data suggests that non-stable fractures

are more vascularized than stable fractures, that oxygen does not appear associated

with differentiation of stem cells into chondrocytes and osteoblasts, that cartilage is not

hypoxic, and that oxygen, not sustained hypoxia, is required for angiogenesis. These

unexpected results, which contrast other published studies, are indicative of the need

to better understand the complex, spatio-temporal regulation of vascularization and

oxygenation in fracture healing. This work has also revealed that oxygen, along with the

promotion of angiogenesis, may be novel adjuvants that can stimulate healing in select

patient populations.
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INTRODUCTION

Ischemia, the restriction of blood supply to tissues, leads to
hypoxic and nutrient-deficient environments and results in
decreased cellular metabolism and proper tissue functioning,
including reduced fracture repair (Lu et al., 2007; Miedel et al.,
2013). Although many of the mechanisms regarding ischemia’s
inhibitory effect on wound healing remain unknown, preclinical
and clinical experiments have been conducted to analyze the role
of vasculature in fracture healing. The literature overwhelmingly
supports the critical role of blood supply in the complex process
of skeletal regeneration.

Musculoskeletal disorders—any injury or disorder that affects
the muscles, bones, and joints —are the second leading cause of
disability worldwide with the fourth greatest impact on overall
health (Woolf and Pfleger, 2003). Within the United States alone,
musculoskeletal disorders currently affect half of all adults and
75% of people over 65. With each passing year, these conditions
only become more of a burden as the population ages (Weinstein
et al., 2014). In particular, as the lifespan of the average American
increases with improvements in healthcare, nutrition, and living
conditions, rates of osteoporosis and osteoarthritis in the elderly
are increasing rapidly, leading to a dramatic rise in the number
of geriatric fractures. Each year, fractures affect 15 of every 1,000
people worldwide and occur at rates of 15 million fractures per
year in theUS. Of these 15million fractures, an estimated 10–15%
will not heal properly (Einhorn, 1995).

Fracture treatment is associated with an enormous societal
burden secondary to direct and indirect recovery costs. In 2010,
trauma surpassed cardiovascular disease as the leading healthcare
cost burden in the US, accruing $21 billion a year in trauma-
related visits to medical facilities and accounting for 6.6% of
the total cost of hospital care in the US (Allison Russo et al.,
2004). Costs of these direct treatments represent only 20% of the
economic burden of trauma-related injuries. The remaining 80%
is due to the indirect costs of productivity loss, as approximately
half of all individuals suffering fractures do not return to work
within the first 6 months of recovery (Kanakaris and Giannoudis,
2007).

Impaired healing exacerbates the economic burden of
fracture-related conditions, particularly in instances of non-
union. In the US alone, nearly 100,000 non-union cases—
fractures characterized by failure to heal within 9 months post-
injury, and lack of progress toward union, as demonstrated by
radiogram, within 3 months—are treated each year, with each
patient accruing an estimated $11,333 in direct and indirect
costs (Dickson et al., 1995). In 1994, a report demonstrated
that ∼$14.6 million is spent annually to treat delayed union—
failure to achieve union by 6 months post-injury—and non-
union fractures (Kanakaris and Giannoudis, 2007). This colossal
economic burden imposed on the United States health care
system motivates our need to better understand the various
factors responsible for impaired fracture healing and to develop
more effective treatments.

Evidence suggests that compromised vascularity is a leading
cause of non-union conditions, making the treatment of ischemic
fractures a viable target to reduce US healthcare spending.

Approximately 46% of fracture patients with accompanying
vascular injuries experience impaired bone healing, which
is significantly higher than the average 10% non-union
rate (Dickson et al., 1995). In cases with vascular-related
comorbidities such as diabetic angiopathy and trauma-related
extensive soft tissue damage, blood flow is often compromised
at the site of the fracture, thereby impeding the comprehensive
vascular response necessary for proper bone regeneration and
highlighting ischemia as a primary risk factor.

CLINICAL RELEVANCE

Although the effect of ischemia on fracture healing and the
mechanism of bone regeneration under hypoxic conditions has
been studied in murine models, this work has yet to be translated
to in vivo human studies. Few clinical studies have addressed the
role of ischemia in fracture repair. Dickson et al. retrospectively
evaluated the prognosis of healing as a function of arterial injury
in tibial fractures and found that open tibia fracture patients
presenting with arterial occlusion have a significantly higher
rate of delayed union and non-union (Dickson et al., 1994).
Avany et al. demonstrated a 50% incidence of arterial occlusion
among tibial non-union patients (Arany et al., 1980), and Dietz
et al. reported that tibial non-unions in chronically ischemic
limbs healed after the arterial supply was restored to normal
(Deitz et al., 1989). These three clinical studies illustrate a clear
correlation between a lack of blood supply to injured tissue and
impaired fracture healing as a result. Impaired healing of diabetic
foot ulcers serves as another example of the importance of
vascularization and oxygenation in wound healing. Diabetic foot
ulcers occur in 15% of all diabetic patients and are accompanied
by prolonged hypoxia and inadequate angiogenesis. Decreased
wound vascularization associated with diabetic foot ulcers is
associated with impairedmobilization and homing of endothelial
progenitor cells (EPCs), and a decrease in VEGF levels (reviewed
in: Guo and Dipietro, 2010). Studies demonstrate that the
mobilization of EPCs to diabetic foot ulcers in patients is
reversible through treatment with moderate hyperoxia, which
suggests that ischemia induced by prolonged hypoxia contributes
to compromised healing. (Liu and Velazquez, 2008)

Clinical analyses of healing rates for patients with impaired
vascularization supports the importance of adequate blood
supply during fracture healing. Within a population free of
chronic disease, the risk of non-union ranges from 10 to 15%
(Einhorn, 1995). This figure is increased to nearly 50% when
fractures are accompanied by impaired vasculature (Dickson
et al., 1994, 1995). Several non-traumatic risk factors are
associated with vasculature disease that may also contribute to
an increased incidence of delayed union and non-union (Buza
and Einhorn, 2016). Diabetics experience approximately two to
three times longer fracture healing than non-diabetic patients
(Mehta et al., 2010), and diabetes is associated with decreased
angiogenesis (Abaci et al., 1999; Galiano et al., 2004). A higher
proportion of fractures in smokers result in non-union or delayed
union compared to non-smokers (Castillo et al., 2005); one
study has shown that tibial healing times were 62% longer
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in smokers compared to non-smokers (Schmitz et al., 1999).
Cigarette smoking has long been associated with cardiovascular
disease (Benowitz and Burbank, 2016) and defective angiogenesis
(Ejaz and Lim, 2005), but nicotine has also been shown to have
angiogenic activities (Heeschen et al., 2001). No definitive studies
examining the effect of smoking or nicotine on angiogenesis after
fracture have been performed to date. Elderly patients heal more
slowly than young adult patients (Green et al., 2005), and research
has shown that angiogenesis is delayed during fracture healing
in older animals (Lu et al., 2008a). As evident by these findings,
many patient populations are at risk for compromised fracture
healing.

ROLE OF VASCULATURE DURING
FRACTURE HEALING

While clinical studies clearly demonstrate the necessity of the
vasculature for efficient healing, the specific role(s) that the
vasculature plays is unknown. Long bone fractures are almost
always accompanied by vascular disruption in the surrounding
soft tissues, creating a hematoma around the fracture site.
Interestingly, the blood vessels that couple angiogenesis and
osteogenesis appear to be unique (Kusumbe et al., 2014). The
vasculature serves at least two important functions during
fracture repair: delivery of nutrients to the damaged tissue, and
transport of cells to the healing fracture site. Blood vessels provide
oxygen and nutrients to the site of injury that are necessary for
cell survival. Additionally, the blood supply is also a route for
inflammatory cells and other cell types that are recruited from
systemic sources to the fracture site. Vasculaturemay also provide
important signals that help regulate the process of bone fracture
repair (Bahney et al., 2015; Hu et al., 2017).

EFFECT OF OXYGEN LEVELS ON STEM
CELL DIFFERENTIATION DURING
FRACTURE HEALING

Mechanical stability is associated with the mode of healing at
the fracture site (Carter and Giori, 1991; Claes and Heigele,
1999). Rigidly stabilized fractures heal through intramembranous
ossification (Willenegger et al., 1971; Le et al., 2001), a process
in which stem cells located in the periosteum and endosteum
differentiate directly into osteoblasts that form bone directly
(Thompson et al., 2002; Colnot, 2008). In contrast, fractures that
are not rigidly stabilized heal primarily through endochondral
ossification with a small amount of direct bone formation
in the periosteum and endosteum (Probst and Spiegel, 1997;
Hankemeier et al., 2001). During endochondral ossification stem
cells differentiate into chondrocytes, which then transform into
osteoblasts to form the new bone. Clinically, most fractures in
humans heal through a combination of intramembranous and
endochondral ossification (Urist and Johnson, 1943; Hak et al.,
2014).

The differences in vascularity between bone and cartilage
may provide some insight into these two different mechanisms
of fracture healing: bone is a highly vascularized tissue, while

cartilage is completely devoid of blood vessels. Therefore, one
possibility is that in a stabilized environment the blood supply
is more intact than in a non-stable environment, and this favors
direct bone formation. In contrast, in non-stable environments
disruption to the blood supply may favor chondrogenesis due to
localized hypoxia (Probst and Spiegel, 1997; Malda et al., 2003),
which leads to a large cartilage callus that eventually transforms
to bone as the vasculature invades. This idea is supported
by observations that chondrogenesis of articular chondrocytes
proceeds in vitro much more efficiently in cultures that have
reduced oxygen levels (Murphy and Polak, 2004), suggesting that
oxygen levels may play a role in differentiation of chondrocytes
and osteoblasts.

While the data on the effects of oxygen on skeletogenic
stem cells is still in flux (selected work is shown in Table 1),
that concerning vascular stem cells is not. Differentiation of
vascular stem cells after injury occurs at the site of injury
and in proportion to the concentration of oxygen. However,
other conditions must be satisfied: lactate must be elevated
and pH must be depressed. These conditions are met largely
by inflammatory cells that have been stimulated by the injury,
the initial hypoxia, and the elevated aerobic production of
lactate (Trabold et al., 2003; Vander Heiden et al., 2009). It is
likely that once the process is initiated, the effect of oxygen
may be to stimulate lactate production, or at least not lower
it until inflammation begins to resolve (Trabold et al., 2003;
Vander Heiden et al., 2009). Continued movement and re-
injury is therefore expected to enhance the angiogenic response
to unstable fractures. Interestingly, the hyperplastic effect of
carefully controlled traction may or may not fit this assumption.

To address the role of the vasculature and oxygenation during
fracture healing, we performed a series of experiments to examine
the relationship among mechanical stability, vascularization,
oxygenation, and stem cell differentiation into chondrocytes
and osteoblasts during fracture healing in mice. While tissue
oxygen levels during fracture healing have been measured by
other investigators in the past (e.g., Brighton and Krebs, 1972
and Table 1), the methods relied on placement of microprobes
to measure oxygen levels (Brighton et al., 1971). This approach
provides excellent detection methods at a single time point
and location, but does not allow repeated measures at the
same location. In our work, we used Electron Paramagnetic
Spectroscopy (EPR) to measure oxygen levels (Khan et al., 2007).
In this method, electron paramagnetic particles are implanted
into the fracture site and the amount of oxygen interacting
with the surface of the particle is measured via EPR. Repeated
measurements can be taken on the same animal from the
same location, and using histology, the position of the oxygen
measurement within the fracture site can be determined.

Using this approach, we determined that oxygen levels did not
differ between non-stabilized and stabilized fractures. There was
an initial reduction in oxygen to hypoxic levels in both fracture
groups, which rebounded within 24 h, and no differences in
oxygen levels were apparent between groups by day 3. Further,
we observed an increased vascular supply in the lower limb
of animals with non-stabilized fractures compared to uninjured
tibiae and stabilized fractures at early time points (Lu et al.,
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2011), which confirms results of earlier studies in large animals
(Claes et al., 2002). These observations are in contrast to the
prediction that mechanical instability would lead to disruptions
to the vasculature supply and reduced oxygen levels, and others
have observed decreased vascularity in non-stabilized fractures
when observed several weeks post-injury (Lienau et al., 2005).

We also examined localized oxygen levels in order to
determine the relationship between oxygen levels at early time
points and tissue formation later. Using EPR, we measured
tissue oxygen levels prior to and during stem cell differentiation,
and then by histology determined the location of the electron
paramagnetic particles to relate oxygen levels to tissue formation.
Again, we observed an initial decrease in oxygen levels that
rebounded quickly; however, we did not observe consistent
relationships between levels of oxygen and formation of cartilage
or bone. These results suggest that oxygen levels do not direct
differentiation of stem cells into chondrocytes and osteoblasts
that cartilage comprising the fracture callus is well perfused,
which agrees with work showing that the living growth plate in
mice is also well perfused (Farnum et al., 2006).

In addition to the descriptive work outlined above, we
manipulated oxygen levels experimentally by creating either an
ischemic, or altered oxygen environment, and assessing healing.
To create an ischemic environment, we removed the femoral
artery of mice and observed that healing was significantly
affected. We observed delayed healing and decreased bone and
cartilage formation in non-stabilized fractures, and delayed bone
formation in stabilized fractures. However, we did not observe
a shift in the differentiation of stem cells into chondrocytes and
osteoblasts (Lu et al., 2007). Since ischemia does not address
the role of oxygen in isolation, we altered systemic oxygen
levels by placing animals in hypoxic and hyperoxic chambers
during the healing period. Chronic hypoxia delayed healing. This
has been observed previously (Heppenstall et al., 1976), and is
also predicted using computer modeling approaches (OReilly
et al., 2016). We did not observe a change in differentiation of
osteoblasts and chondrocytes in response to altered oxygen levels.
Stabilized fractures healed via intramembranous ossification,
and non-stabilized fractures healed primarily by endochondral
ossification, independent of the level of inspired oxygen. From
these experiments, we concluded that oxygen levels were
important for fracture healing generally. Indeed, others have
shown that transient hypoxia may actually stimulate fracture
repair (Muinos-Lopez et al., 2016).

However, in our work, oxygen was not associated with
directing differentiation of osteoblasts and chondrocytes during
bone healing.

Other studies have led to different conclusions. Mice that
lack thrombospondin-2 (TSP2), an anti-angiogenic matricellular
protein, have increased vascularity and an increase in the
proportion of bone to cartilage during fracture healing. Similarly,
delivery of TSP2 decreases vascularity and decreases the ratio
of bone to cartilage during fracture healing (Taylor et al.,
2009; Burke et al., 2013). In silico modeling studies have also
suggested that mechanical stress combined with oxygen levels act
together to regulate osteoblast and chondrocyte differentiation
(Carlier et al., 2015; OReilly et al., 2016). The reasons for these

discrepancies are unknown, but warrant further study. Local
oxygen gradients may be more important than the absolute level
of tissue oxygenation during fracture healing, as was observed
for vascular repair (Knighton et al., 1981). However, assessing
oxygen gradients in vivo is difficult.

OXYGEN CAN STIMULATE BONE HEALING

Given the importance of the blood supply for bone healing,
and the increased risk that vascular injury imposes on fracture
healing, developing therapies to overcome ischemic insult may
provide novel therapies to stimulate repair. One approach is to
treat the ischemia directly by increasing the amount of inspired
oxygen in order to increase the local tissue oxygenation levels
(Lu et al., 2008b). When animals with fracture and ischemia are
housed in hyperoxic chambers, healing was improved compared
to normoxic controls (Lu et al., 2013). Furthermore, inspiration
of 100% oxygen stimulated healing in animals with a combined
lung injury and bone fracture (Kemmler et al., 2015), and
hyperbaric oxygen stimulates repair of critical sized defects
treated with autologous bone grafts (Grassmann et al., 2015).
These observations suggest that increasing inspired oxygen in
patients may aid fracture healing, but more work is required
to understand safety concerns regarding the potential effect of
increased reactive oxygen species (e.g., Gokturk et al., 1995).

Interestingly, hyperoxic animals had significantly more
vasculature than animals housed in hypoxic conditions. While
this agrees with previous work on the role of hyperoxia and
angiogenesis (Hopf et al., 2005; Grassmann et al., 2015), in
general, this is contrary to the notion that hypoxia stimulates
angiogenesis by stabilizing Hypoxia inducible factor 1α (HIF1α),
which increases expression of Vascular Endothelial Growth
Factor (VEGF; reviewed in: Fong, 2009). Stabilization of
HIF1α leads to increased expression of VEGF during fracture
healing (Shen et al., 2009), but this is not necessarily due to
hypoxia. Lactate inhibits activity of the prolyl hydroxylases that
mark HIF1α for degradation by the proteasome, and lactate
is produced by aerobic respiration in wound beds (Ghani
et al., 2004; Hunt et al., 2007), including the fracture site
(Lu et al., 2013). This aerobically-derived lactate is able to
induce angiogenesis by induction of VEGF expression in well-
oxygenated environments (Hunt et al., 2007). Hence, while
hypoxia is able to induce VEGF expression and angiogenesis
(Fong, 2009), the same degree of sustained hypoxia can inhibit
angiogenesis (Hopf et al., 2005) due in part to failure of the
basement membrane to form around new blood vessel sprouts
(Hunt et al., 2007; Figure 1).

Modulating angiogenesis using biochemical signals is also
a potentially valuable avenue to pursue (Carano and Filvaroff,
2003). Thrombospondins (TSP1 and TSP2) are matricellular
proteins that inhibit angiogenesis. Genetic removal of TSP2
leads to increased angiogenesis after injury and rapid tissue
healing (Kyriakides et al., 1999; Krady et al., 2008). During
healing of ischemic fractures, removal of TSP2 led to better
healing that was accompanied by increased vascularity (Miedel
et al., 2013). Similar outcomes have been observed after blocking

Frontiers in Cell and Developmental Biology | www.frontiersin.org 5 May 2017 | Volume 5 | Article 45

http://www.frontiersin.org/Cell_and_Developmental_Biology
http://www.frontiersin.org
http://www.frontiersin.org/Cell_and_Developmental_Biology/archive


Miclau et al. Stimulating Fracture Healing in Ischemic Environments

FIGURE 1 | Effect of Oxygen Levels on Angiogenesis after Fracture. After bone fracture, lactate, produced by aerobic metabolism, stabilizes HIF1α and leads to

up-regulation of VEGF. In hypoxic conditions endothelial cells (ECs, round circles) respond to VEGF, proliferate and form tubes. However, collagen (red bars) does not

assemble and the vascular sprouts disintegrate. In the presence of oxygen, the collagen forms cross-links and the basement membrane stabilizes the newly formed

angiogenic sprouts and angiogenesis proceeds (red lines). In hyperoxic conditions this process is amplified and angiogenesis is more robust.

Tsp1 activity (Isenberg et al., 2008) and blocking the TSP
receptor, CD47, suggesting that this signaling pathway may be
a good target for stimulating repair in patients with concomitant
ischemia.

CONCLUSION

Ischemia impairs fracture healing, which contributes to a
significant number of complications in fracture patients, and
accrues a large societal cost burden. Very few clinical studies
evaluating the consequences and underlying mechanisms of
prolonged hypoxia and a lack of vascularization on fracture
repair have been conducted, but recent preclinical studies have
isolated the effects of ischemia on stem cell differentiation
and fracture healing. In contrast to opinion, oxygen levels
do not appear associated with stem cell differentiation into
chondrocytes and osteoblasts, and oxygen is required for robust
angiogenesis during fracture healing. However, work by others
shows that low oxygen is an important driver of chondrogenesis

during fracture healing (Meyer et al., 2010) and may direct
chondrogenesis during development (Hirao et al., 2006). These
contradictory outcomes suggest that the role of oxygen in stem
cell differentiation requires further study. Results from this new
work may lead to novel therapies to stimulate fracture healing
in patients with ischemia based on oxygen delivery (Yang et al.,
2013; Koga et al., 2014) and angiogenic agents. However, further
research is needed to determine the effective time-course of
oxygen treatment, as well as the specific cellular processes that
are affected by oxygen levels.

AUTHOR CONTRIBUTIONS

All authors participated in the discussion and intellectual
contribution that was the foundation of the article. KM, SB, and
CB wrote the draft manuscript and all of the authors contributed
to the revision and production of the final version. Each of the
authors approved the final version to be published and agree to
be accountable for all aspects of the work.

REFERENCES

Abaci, A., Oguzhan, A., Kahraman, S., Eryol, N. K., Unal, S., Arinc, H., et al.

(1999). Effect of diabetes mellitus on formation of coronary collateral vessels.

Circulation 99, 2239–2242. doi: 10.1161/01.CIR.99.17.2239

Allison Russo, C., Owens, P. L., and Carol Stocks, R. N. (2004). Common Injuries

That Result in Hospitalization, 2004. Rockville, MD: Agency for Healthcare

Research and Quality.

Arany, L., Baranyai, T., Mandi, A., and Kunkli, F. (1980). Arteriographic studies in

delayed-union and non-union of fractures. Radiol. Diagn. (Berl.). 21, 673–681.

Bahney, C. S., Hu, D. P., Miclau, T. III, and Marcucio, R. S. (2015). The

multifaceted role of the vasculature in endochondral fracture repair. Front.

Endocrinol. (Lausanne) 6:4. doi: 10.3389/fendo.2015.00004

Benowitz, N. L., and Burbank, A. D. (2016). Cardiovascular toxicity of nicotine:

implications for electronic cigarette use. Trends Cardiovasc. Med. 26, 515–523.

doi: 10.1016/j.tcm.2016.03.001

Brighton, C. T., Heppenstall, R. B., and Labosky, D. A. (1971). An oxygen

microelectrode suitable for cartilage and cancellous bone. Clin. Orthop. Relat.

Res. 80, 161–166. doi: 10.1097/00003086-197110000-00023

Brighton, C. T., and Krebs, A. G. (1972). Oxygen tension of nonunion of fractured

femurs in the rabbit. Surg. Gynecol. Obstet. 135, 379–385.

Burke, D., Dishowitz, M., Sweetwyne, M., Miedel, E., Hankenson, K. D., and Kelly,

D. J. (2013). The role of oxygen as a regulator of stem cell fate during fracture

repair in TSP2-null mice. J. Orthop. Res. 31, 1585–1596. doi: 10.1002/jor.

22396

Buza, J. A. III, and Einhorn, T. (2016). Bone healing in 2016. Clin. Cases Miner.

Bone Metab. 13, 101–105. doi: 10.11138/ccmbm/2016.13.2.101

Carano, R. A. D., and Filvaroff, E. H. (2003). Angiogenesis and bone repair. Drug

Discov. Today 8, 980–989. doi: 10.1016/S1359-6446(03)02866-6

Carlier, A., Geris, L., van Gastel, N., Carmeliet, G., and Van Oosterwyck, H. (2015).

Oxygen as a critical determinant of bone fracture healing-a multiscale model. J.

Theor. Biol. 365, 247–264. doi: 10.1016/j.jtbi.2014.10.012

Frontiers in Cell and Developmental Biology | www.frontiersin.org 6 May 2017 | Volume 5 | Article 45

https://doi.org/10.1161/01.CIR.99.17.2239
https://doi.org/10.3389/fendo.2015.00004
https://doi.org/10.1016/j.tcm.2016.03.001
https://doi.org/10.1097/00003086-197110000-00023
https://doi.org/10.1002/jor.22396
https://doi.org/10.11138/ccmbm/2016.13.2.101
https://doi.org/10.1016/S1359-6446(03)02866-6
https://doi.org/10.1016/j.jtbi.2014.10.012
http://www.frontiersin.org/Cell_and_Developmental_Biology
http://www.frontiersin.org
http://www.frontiersin.org/Cell_and_Developmental_Biology/archive


Miclau et al. Stimulating Fracture Healing in Ischemic Environments

Carter, D. C., and Giori, N. J. (1991). Effect of Mechanical Stress on Tissue

Differentiation in the Bony Implant Bed. University of Toronto Press, Toronto.

doi: 10.3138/9781442671508-037

Castillo, R. C., Bosse, M. J., MacKenzie, E. J., Patterson, B. M., and LEAP Study

Group (2005). Impact of smoking on fracture healing and risk of complications

in limb-threatening open tibia fractures. J. Orthop. Trauma 19, 151–157.

doi: 10.1097/00005131-200503000-00001

Claes, L., Eckert-Hubner, K., and Augat, P. (2002). The effect of mechanical

stability on local vascularization and tissue differentiation in callus healing. J.

Orthop. Res. 20, 1099–1105. doi: 10.1016/S0736-0266(02)00044-X

Claes, L. E., and Heigele, C. A. (1999). Magnitudes of local stress and strain along

bony surfaces predict the course and type of fracture healing. J. Biomech. 32,

255–266. doi: 10.1016/S0021-9290(98)00153-5

Colnot, C. (2008). Skeletal cell fate decisions within periosteum and bone

marrow during bone regeneration. J. Bone Miner. Res. 24, 274–282.

doi: 10.1359/jbmr.081003

Deitz, D., Taylor, L. M., Beals, R. K., and Porter, J. M. (1989). Role of

revascularization to treat chronic non-healing fractures in ischemic limbs. J.

Vasc. Surg. 10, 535–541. doi: 10.1016/0741-5214(89)90135-3

Dickson, K. F., Katzman, S., and Paiement, G. (1995). The importance of the blood

supply in the healing of tibial fractures. Contemp. Orthop. 30, 489–493.

Dickson, K., Katzman, S., Delgado, E., and Contreras, D. (1994).

Delayed unions and nonunions of open tibial fractures. Correlation

with arteriography results. Clin. Orthop. Relat. Res. 302, 189–193.

doi: 10.1097/00003086-199405000-00029

Einhorn, T. A. (1995). Enhancement of fracture-healing. J. Bone Joint Surg. Am.

77, 940–956. doi: 10.2106/00004623-199506000-00016

Ejaz, S., and Lim, C. W. (2005). Toxicological overview of cigarette

smoking on angiogenesis. Environ. Toxicol. Pharmacol. 20, 335–344.

doi: 10.1016/j.etap.2005.03.011

Farnum, C., Lenox, M., Zipfel, W., Horton, W., and Williams, R. (2006). In vivo

delivery of fluoresceinated dextrans to the murine growth plate: imaging of

three vascular routes by multiphoton microscopy. Anat. Rec. A Discov. Mol.

Cell. Evol. Biol. 288, 91–103. doi: 10.1002/ar.a.20272

Fong, G. H. (2009). Regulation of angiogenesis by oxygen sensing mechanisms. J.

Mol. Med. 87, 549–560. doi: 10.1007/s00109-009-0458-z

Galiano, R. D., Tepper, O. M., Pelo, C. R., Bhatt, K. A., Callaghan, M., Bastidas,

N., et al. (2004). Topical vascular endothelial growth factor accelerates

diabetic wound healing through increased angiogenesis and by mobilizing

and recruiting bone marrow-derived cells. Am. J. Pathol. 164, 1935–1947.

doi: 10.1016/S0002-9440(10)63754-6

Ghani, Q. P., Wagner, S., Becker, H. D., Hunt, T. K., and Hussain, M. Z. (2004).

Regulatory role of lactate in wound repair. Meth. Enzymol. 381, 565–575.

doi: 10.1016/S0076-6879(04)81036-X

Gokturk, E., Turgut, A., Baycu, C., Gunal, I., Seber, S., and Gulbas, Z. (1995).

Oxygen-free radicals impair fracture healing in rats. Acta Orthop. Scand. 66,

473–475. doi: 10.3109/17453679508995590

Grassmann, J. P., Schneppendahl, J., Hakimi, A. R., Herten,M., Betsch,M., Logters,

T. T., et al. (2015). Hyperbaric oxygen therapy improves angiogenesis and

bone formation in critical sized diaphyseal defects. J. Orthop. Res. 33, 513–520.

doi: 10.1002/jor.22805

Grayson, W. L., Zhao, F., Bunnell, B., and Ma, T. (2007). Hypoxia enhances

proliferation and tissue formation of human mesenchymal stem cells. Biochem.

Biophys. Res. Commun. 358, 948–953. doi: 10.1016/j.bbrc.2007.05.054

Green, E., Lubahn, J. D., and Evans, J. (2005). Risk factors, treatment, and outcomes

associated with nonunion of the midshaft humerus fracture. J. Surg. Orthop.

Adv. 14, 64–72.

Guo, S., and Dipietro, L. A. (2010). Factors affecting wound healing. J. Dent. Res.

89, 219–229. doi: 10.1177/0022034509359125

Hak, D. J., Fitzpatrick, D., Bishop, J. A., Marsh, J. L., Tilp, S., Schnettler, R.,

et al. (2014). Delayed union and nonunions: epidemiology, clinical issues, and

financial aspects. Injury 45(Suppl. 2), S3–S7. doi: 10.1016/j.injury.2014.04.002

Hankemeier, S., Grassel, S., Plenz, G., Spiegel, H. U., Bruckner, P., and

Probst, A. (2001). Alteration of fracture stability influences chondrogenesis,

osteogenesis and immigration of macrophages. J. Orthop. Res. 19, 531–538.

doi: 10.1016/S0736-0266(00)00044-9

Heeschen, C., Jang, J. J., Weis, M., Pathak, A., Kaji, S., Hu, R. S., et al.

(2001). Nicotine stimulates angiogenesis and promotes tumor growth and

atherosclerosis. Nat. Med. 7, 833–839. doi: 10.1038/89961

Heppenstall, R. B., Goodwin, C. W., and Brighton, C. T. (1976). Fracture healing

in the presence of chronic hypoxia. J. Bone Joint Surg. Am. 58, 1153–1156.

doi: 10.2106/00004623-197658080-00022

Hirao, M., Tamai, N., Tsumaki, N., Yoshikawa, H., and Myoui, A. (2006).

Oxygen tension regulates chondrocyte differentiation and function

during endochondral ossification. J. Biol. Chem. 281, 31079–31092.

doi: 10.1074/jbc.M602296200

Hopf, H. W., Gibson, J. J., Angeles, A. P., Constant, J. S., Feng, J. J., Rollins, M. D.,

et al. (2005). Hyperoxia and angiogenesis. Wound Repair Regen. 13, 558–564.

doi: 10.1111/j.1524-475X.2005.00078.x

Hu, D. P., Ferro, F., Yang, F., Taylor, A. J., Chang, W., Miclau, T., et al.

(2017). Cartilage to bone transformation during fracture healing is

coordinated by the invading vasculature and induction of the core

pluripotency genes. Development 144, 221–234. doi: 10.1242/dev.

130807

Hunt, T. K., Aslam, R. S., Beckert, S., Wagner, S., Ghani, Q. P., Hussain, M.

Z., et al. (2007). Aerobically derived lactate stimulates revascularization and

tissue repair via redox mechanisms. Antioxid. Redox Signal. 9, 1115–1124.

doi: 10.1089/ars.2007.1674

Isenberg, J. S., Romeo, M. J., Maxhimer, J. B., Smedley, J., Frazier, W.

A., and Roberts, D. D. (2008). Gene silencing of CD47 and antibody

ligation of thrombospondin-1 enhance ischemic tissue survival in a

porcine model: implications for human disease. Ann. Surg. 247, 860–868.

doi: 10.1097/SLA.0b013e31816c4006

Kanakaris, N. K., and Giannoudis, P. V. (2007). The health economics of

the treatment of long-bone non-unions. Injury 38(Suppl. 2), S77–S84.

doi: 10.1016/s0020-1383(07)80012-x

Kemmler, J., Bindl, R., McCook, O., Wagner, F., Groger, M., Wagner,

K., et al. (2015). Exposure to 100% oxygen abolishes the impairment

of fracture healing after thoracic trauma. PLoS ONE 10:e0131194.

doi: 10.1371/journal.pone.0131194

Khan, N., Williams, B. B., Hou, H., Li, H., and Swartz, H. M. (2007).

Repetitive tissue pO2 measurements by electron paramagnetic resonance

oximetry: current status and future potential for experimental and

clinical studies. Antioxid. Redox Signal. 9, 1169–1182. doi: 10.1089/ars.20

07.1635

Knighton, D. R., Silver, I. A., and Hunt, T. K. (1981). Regulation of wound-healing

angiogenesis-effect of oxygen gradients and inspired oxygen concentration.

Surgery 90, 262–270.

Koga, T., Niikura, T., Lee, S. Y., Okumachi, E., Ueha, T., Iwakura, T., et al.

(2014). Topical cutaneous CO2 application by means of a novel hydrogel

accelerates fracture repair in rats. J. Bone Joint Surg. Am. 96, 2077–2084.

doi: 10.2106/JBJS.M.01498

Krady, M. M., Zeng, J., Yu, J., MacLauchlan, S., Skokos, E. A., Tian,

W., et al. (2008). Thrombospondin-2 modulates extracellular matrix

remodeling during physiological angiogenesis. Am. J. Pathol. 173, 879–891.

doi: 10.2353/ajpath.2008.080128

Kusumbe, A. P., Ramasamy, S. K., and Adams, R. H. (2014). Coupling of

angiogenesis and osteogenesis by a specific vessel subtype in bone. Nature 507,

323–328. doi: 10.1038/nature13145

Kyriakides, T. R., Tam, J. W., and Bornstein, P. (1999). Accelerated wound healing

in mice with a disruption of the thrombospondin 2 gene. J. Invest. Dermatol.

113, 782–787. doi: 10.1046/j.1523-1747.1999.00755.x

Le, A. X., Miclau, T., Hu, D., and Helms, J. A. (2001). Molecular aspects of

healing in stabilized and non-stabilized fractures. J. Orthop. Res. 19, 78–84.

doi: 10.1016/S0736-0266(00)00006-1

Lienau, J., Schell, H., Duda, G. N., Seebeck, P., Muchow, S., and Bail, H. J.

(2005). Initial vascularization and tissue differentiation are influenced by

fixation stability. J. Orthop. Res. 23, 639–645. doi: 10.1016/j.orthres.2004.

09.006

Liu, Z. J., and Velazquez, O. C. (2008). Hyperoxia, endothelial progenitor

cell mobilization, and diabetic wound healing. Antioxid. Redox Signal. 10,

1869–1882. doi: 10.1089/ars.2008.2121

Lu, C., Hansen, E., Sapozhnikova, A., Hu, D., Miclau, T., and Marcucio, R. S.

(2008a). Effect of age on vascularization during fracture repair. J. Orthop. Res.

26, 1384–1389. doi: 10.1002/jor.20667

Lu, C., Miclau, T., Hu, D., and Marcucio, R. S. (2007). Ischemia leads to delayed

union during fracture healing: a mouse model. J. Orthop. Res. 25, 51–61.

doi: 10.1002/jor.20264

Frontiers in Cell and Developmental Biology | www.frontiersin.org 7 May 2017 | Volume 5 | Article 45

https://doi.org/10.3138/9781442671508-037
https://doi.org/10.1097/00005131-200503000-00001
https://doi.org/10.1016/S0736-0266(02)00044-X
https://doi.org/10.1016/S0021-9290(98)00153-5
https://doi.org/10.1359/jbmr.081003
https://doi.org/10.1016/0741-5214(89)90135-3
https://doi.org/10.1097/00003086-199405000-00029
https://doi.org/10.2106/00004623-199506000-00016
https://doi.org/10.1016/j.etap.2005.03.011
https://doi.org/10.1002/ar.a.20272
https://doi.org/10.1007/s00109-009-0458-z
https://doi.org/10.1016/S0002-9440(10)63754-6
https://doi.org/10.1016/S0076-6879(04)81036-X
https://doi.org/10.3109/17453679508995590
https://doi.org/10.1002/jor.22805
https://doi.org/10.1016/j.bbrc.2007.05.054
https://doi.org/10.1177/0022034509359125
https://doi.org/10.1016/j.injury.2014.04.002
https://doi.org/10.1016/S0736-0266(00)00044-9
https://doi.org/10.1038/89961
https://doi.org/10.2106/00004623-197658080-00022
https://doi.org/10.1074/jbc.M602296200
https://doi.org/10.1111/j.1524-475X.2005.00078.x
https://doi.org/10.1242/dev.130807
https://doi.org/10.1089/ars.2007.1674
https://doi.org/10.1097/SLA.0b013e31816c4006
https://doi.org/10.1016/s0020-1383(07)80012-x
https://doi.org/10.1371/journal.pone.0131194
https://doi.org/10.1089/ars.2007.1635
https://doi.org/10.2106/JBJS.M.01498
https://doi.org/10.2353/ajpath.2008.080128
https://doi.org/10.1038/nature13145
https://doi.org/10.1046/j.1523-1747.1999.00755.x
https://doi.org/10.1016/S0736-0266(00)00006-1
https://doi.org/10.1016/j.orthres.2004.09.006
https://doi.org/10.1089/ars.2008.2121
https://doi.org/10.1002/jor.20667
https://doi.org/10.1002/jor.20264
http://www.frontiersin.org/Cell_and_Developmental_Biology
http://www.frontiersin.org
http://www.frontiersin.org/Cell_and_Developmental_Biology/archive


Miclau et al. Stimulating Fracture Healing in Ischemic Environments

Lu, C., Rollins, M., Hou, H., Swartz, H. M., Hopf, H., Miclau, T., et al. (2008b).

Tibial fracture decreases oxygen levels at the site of injury. Iowa Orthop. J. 28,

14–21.

Lu, C., Saless, N., Hu, D., Wang, X., Xing, Z., Hou, H., et al. (2011). Mechanical

stability affects angiogenesis during early fracture healing. J. Orthop. Trauma

25, 494–499. doi: 10.1097/BOT.0b013e31822511e0

Lu, C., Saless, N., Wang, X., Sinha, A., Decker, S., Kazakia, G., et al.

(2013). The role of oxygen during fracture healing. Bone 52, 220–229.

doi: 10.1016/j.bone.2012.09.037

Malda, J., Martens, D. E., Tramper, J., van Blitterswijk, C. A., and Riesle, J. (2003).

Cartilage tissue engineering: controversy in the effect of oxygen. Crit. Rev.

Biotechnol. 23, 175–194. doi: 10.1080/bty.23.3.175

Malladi, P., Xu, Y., Chiou, M., Giaccia, A. J., and Longaker, M. T. (2006). Effect

of reduced oxygen tension on chondrogenesis and osteogenesis in adipose-

derived mesenchymal cells. Am. J. Physiol. Cell Physiol. 290, C1139–C1146.

doi: 10.1152/ajpcell.00415.2005

Mehta, S. K., Breitbart, E. A., Berberian, W. S., Liporace, F. A., and Lin, S. S. (2010).

Bone and wound healing in the diabetic patient. Foot Ankle Clin. 15, 411–437.

doi: 10.1016/j.fcl.2010.03.005

Meyer, E. G., Buckley, C. T., Thorpe, S. D., and Kelly, D. J. (2010).

Low oxygen tension is a more potent promoter of chondrogenic

differentiation than dynamic compression. J. Biomech. 43, 2516–2523.

doi: 10.1016/j.jbiomech.2010.05.020

Miedel, E., Dishowitz, M. I., Myers, M. H., Dopkin, D., Yu, Y. Y., Miclau, T. S., et al.

(2013). Disruption of thrombospondin-2 accelerates ischemic fracture healing.

J. Orthop. Res. 31, 935–943. doi: 10.1002/jor.22302

Muinos-Lopez, E., Ripalda-Cemborain, P., Lopez-Martinez, T., Gonzalez-Gil,

A. B., Lamo-Espinosa, J. M., Valenti, A., et al. (2016). Hypoxia and

reactive oxygen species homeostasis in mesenchymal progenitor cells define

a molecular mechanism for fracture nonunion. Stem Cells 34, 2342–2353.

doi: 10.1002/stem.2399

Murphy, C. L., and Polak, J. M. (2004). Control of human articular chondrocyte

differentiation by reduced oxygen tension. J. Cell. Physiol. 199, 451–459.

doi: 10.1002/jcp.10481

OReilly, A., Hankenson, K. D., and Kelly, D. J. (2016). A computational model

to explore the role of angiogenic impairment on endochondral ossification

during fracture healing. Biomech. Model. Mechanobiol. 15, 1279–1294.

doi: 10.1007/s10237-016-0759-4

Probst, A., and Spiegel, H. U. (1997). Cellular mechanisms of bone repair. J. Invest.

Surg. 10, 77–86. doi: 10.3109/08941939709032137

Raheja, L. F., Genetos, D. C., Wong, A., and Yellowley, C. E. (2011). Hypoxic

regulation of mesenchymal stem cell migration: the role of RhoA and HIF-

1alpha. Cell Biol. Int. 35, 981–989. doi: 10.1042/CBI20100733

Schmitz, M. A., Finnegan, M., Natarajan, R., and Champine, J. (1999). Effect of

smoking on tibial shaft fracture healing. Clin. Orthop. Relat. Res. 365, 184–200.

doi: 10.1097/00003086-199908000-00024

Shen, X., Wan, C., Ramaswamy, G., Mavalli, M., Wang, Y., Duvall, C. L., et al.

(2009). Prolyl hydroxylase inhibitors increase neoangiogenesis and callus

formation following femur fracture in mice. J. Orthop. Res. 27, 1298–1305.

doi: 10.1002/jor.20886

Steinbrech, D. S., Mehrara, B. J., Saadeh, P. B., Chin, G., Dudziak, M. E.,

Gerrets, R. P., et al. (1999). Hypoxia regulates VEGF expression and cellular

proliferation by osteoblasts in vitro. Plast. Reconstr. Surg. 104, 738–747.

doi: 10.1097/00006534-199909010-00019

Steinbrech, D. S., Mehrara, B. J., Saadeh, P. B., Greenwald, J. A., Spector, J. A.,

Gittes, G. K., et al. (2000). Hypoxia increases insulinlike growth factor gene

expression in rat osteoblasts.Ann. Plast. Surg. 44, 529–534; discussion 534–535.

doi: 10.1097/00000637-200044050-00012

Taylor, D. K., Meganck, J. A., Terkhorn, S., Rajani, R., Naik, A., O’Keefe, R.

J., et al. (2009). Thrombospondin-2 influences the proportion of cartilage

and bone during fracture healing. J. Bone Miner. Res. 24, 1043–1054.

doi: 10.1359/jbmr.090101

Thompson, Z., Miclau, T., Hu, D., and Helms, J. A. (2002). A model for

intramembranous ossification during fracture healing. J. Orthop. Res. 20,

1091–1098. doi: 10.1016/S0736-0266(02)00017-7

Trabold, O., Wagner, S., Wicke, C., Scheuenstuhl, H., Hussain, M. Z.,

Rosen, N., et al. (2003). Lactate and oxygen constitute a fundamental

regulatory mechanism in wound healing. Wound Repair Regen. 11, 504–509.

doi: 10.1046/j.1524-475X.2003.11621.x

Tsai, C. C., Yew, T. L., Yang, D. C., Huang, W. H., and Hung, S. C. (2012). Benefits

of hypoxic culture on bone marrow multipotent stromal cells. Am. J. Blood Res.

2, 148–159.

Tuncay, O. C., Ho, D., and Barker, M. K. (1994). Oxygen tension regulates

osteoblast function. Am. J. Orthod. Dentofacial Orthop. 105, 457–463.

doi: 10.1016/S0889-5406(94)70006-0

Urist, M. R., and Johnson, R. W. J. (1943). CALCIFICATION AND

OSSIFICATION IV. The healing of fractures in man under clinical conditions.

J. Bone Joint Surg. Am. 25, 375–426.

Vander Heiden, M. G., Cantley, L. C., and Thompson, C. B. (2009). Understanding

the Warburg effect: the metabolic requirements of cell proliferation. Science

324, 1029–1033. doi: 10.1126/science.1160809

Warren, S. M., Steinbrech, D. S., Mehrara, B. J., Saadeh, P. B., Greenwald, J. A.,

Spector, J. A., et al. (2001). Hypoxia regulates osteoblast gene expression. J. Surg.

Res. 99, 147–155. doi: 10.1006/jsre.2001.6128

Weinstein, S. I., Yelin, E. H., Watkins-Castillo, S. I. (2014). Prevalence of Select

Medical Conditions. The Burden ofMusculoskeletal Diseases in the United States,

Bone and Joint Burden.

Willenegger, H., Perren, S. M., and Schenk, R. (1971). [Primary and secondary

healing of bone fractures]. Chirurg 42, 241–252.

Wong, A., Ghassemi, E., and Yellowley, C. E. (2014). Nestin expression in

mesenchymal stromal cells: regulation by hypoxia and osteogenesis. BMC Vet.

Res. 10:173. doi: 10.1186/s12917-014-0173-z

Woolf, A. D., and Pfleger, B. (2003). Burden of major musculoskeletal conditions.

Bull. World Health Organ. 81, 646–656.

Wu, D., Malda, J., Crawford, R., and Xiao, Y. (2007). Effects of hyperbaric oxygen

on proliferation and differentiation of osteoblasts from human alveolar bone.

Connect. Tissue Res. 48, 206–213. doi: 10.1080/03008200701458749

Xu, Y., Malladi, P., Chiou, M., Bekerman, E., Giaccia, A. J., and Longaker,

M. T. (2007). In vitro expansion of adipose-derived adult stromal cells

in hypoxia enhances early chondrogenesis. Tissue Eng. 13, 2981–2993.

doi: 10.1089/ten.2007.0050

Yang, L., Zhu, L., Dong, W., Cao, Y., and Rong, Z. (2013). Oxygen-generating

scaffolds: a new strategy for bone tissue engineering. Bone 57, 322–323.

doi: 10.1016/j.bone.2013.07.034

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2017 Miclau, Brazina, Bahney, Hankenson, Hunt, Marcucio and

Miclau. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) or licensor are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 8 May 2017 | Volume 5 | Article 45

https://doi.org/10.1097/BOT.0b013e31822511e0
https://doi.org/10.1016/j.bone.2012.09.037
https://doi.org/10.1080/bty.23.3.175
https://doi.org/10.1152/ajpcell.00415.2005
https://doi.org/10.1016/j.fcl.2010.03.005
https://doi.org/10.1016/j.jbiomech.2010.05.020
https://doi.org/10.1002/jor.22302
https://doi.org/10.1002/stem.2399
https://doi.org/10.1002/jcp.10481
https://doi.org/10.1007/s10237-016-0759-4
https://doi.org/10.3109/08941939709032137
https://doi.org/10.1042/CBI20100733
https://doi.org/10.1097/00003086-199908000-00024
https://doi.org/10.1002/jor.20886
https://doi.org/10.1097/00006534-199909010-00019
https://doi.org/10.1097/00000637-200044050-00012
https://doi.org/10.1359/jbmr.090101
https://doi.org/10.1016/S0736-0266(02)00017-7
https://doi.org/10.1046/j.1524-475X.2003.11621.x
https://doi.org/10.1016/S0889-5406(94)70006-0
https://doi.org/10.1126/science.1160809
https://doi.org/10.1006/jsre.2001.6128
https://doi.org/10.1186/s12917-014-0173-z
https://doi.org/10.1080/03008200701458749
https://doi.org/10.1089/ten.2007.0050
https://doi.org/10.1016/j.bone.2013.07.034
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Cell_and_Developmental_Biology
http://www.frontiersin.org
http://www.frontiersin.org/Cell_and_Developmental_Biology/archive

	Stimulating Fracture Healing in Ischemic Environments: Does Oxygen Direct Stem Cell Fate during Fracture Healing?
	Introduction
	Clinical Relevance
	Role of Vasculature During Fracture Healing
	Effect of Oxygen Levels on Stem Cell Differentiation During Fracture Healing
	Oxygen Can Stimulate Bone Healing
	Conclusion
	Author Contributions
	References


