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Abstract
Osteoblasts play an important role in bone regeneration and repair. The hypoxia condition in

bone occurs when bone undergoes fracture, and this will trigger a series of biochemical and

mechanical changes to enable bone repair. Hence, it is interesting to observe the metab-

olites and metabolism changes when osteoblasts are exposed to hypoxic condition. This

study has looked into the response of human osteoblast hFOB 1.19 under normoxic and

hypoxic conditions by observing the cell growth and utilization of metabolites via Phenotype

MicroArraysTM under these two different oxygen concentrations. The cell growth of hFOB

1.19 under hypoxic condition showed better growth compared to hFOB 1.19 under normal

condition. In this study, osteoblast used glycolysis as the main pathway to produce energy

as hFOB 1.19 in both hypoxic and normoxic conditions showed cell growth in well contain-

ing dextrin, glycogen, maltotriose, D-maltose, D-glucose-6-phospate, D-glucose, D-man-

nose, D-Turanose, D-fructose-6-phosphate, D-galactose, uridine, adenosine, inosine and

a-keto-glutaric acid. In hypoxia, the cells have utilized additional metabolites such as a-D-

glucose-1-phosphate and D-fructose, indicating possible activation of glycogen synthesis

and glycogenolysis to metabolize a-D-glucose-1-phosphate. Meanwhile, during normoxia,

D-L-a-glycerol phosphate was used, and this implies that the osteoblast may use glycerol-

3-phosphate shuttle and oxidative phosphorylation to metabolize glycerol-3-phosphate.
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Impact statement
Currently, researchers understand that

bone cells experience hypoxia during bone

injury or fracture. Such stress condition

exerts effect on bone regeneration and

repair. However, there is limited knowledge

on the metabolites and metabolism

changes that occur in osteoblast cells

when they undergo inherent regeneration

and repair under hypoxia. This manuscript

describes the use of Phenotype

MicroArrays to observe the response of

human osteoblast cells under normoxic

and hypoxic conditions in terms of cell

growth and utilization of metabolites. The

human osteoblast cultured under these

two different oxygen concentrations

showed different growth curve and utiliza-

tion of metabolites, suggesting oxygen

levels play a role in bone repair and healing.

We have deduced the main metabolites for

osteoblast cells to produce energy under

normoxic and hypoxic conditions. The new

findings in this research help researchers

to understand how hypoxia can influence

utilization of metabolites in osteoblast

cells, which serve as important knowledge

to improve methods for bone regeneration.
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Introduction

Bone is an organ that offers protection to the soft tissue in
human, assists in locomotion, as well as to controlling cal-
cium absorption.1 Known as an organ that can regenerate
itself by regulating bone regeneration and repair, one key
element in this process is the presence of osteoblast. The
formation of bone cells is facilitated via osteoblasts by pro-
ducing extracellular organic matrix that undergo minerali-
zation, trap within the tissue and change to become
osteocytes.2 Osteoblasts are not only active in bone regen-
eration and repair, but also participate in bone homeostasis
and metabolism.

When bone fracture occurs, the blood supply is dis-
rupted and causes hypoxia surrounding the fracture site.3

The hypoxic condition around the fracture area triggers the
production of inflammational signals and mechanical stim-
uli, and this will activate bone repair.4 Hypoxia is usually
associated with delayed bone healing.5,6 However, a study
by Wagegg et al. has instead shown that hypoxic condition
encouraged osteogenic differentiation of humanmesenchy-
mal stem cells (MSCs) into osteoblasts.7

The osteoblasts participate in bone repair by formation
of woven with or without lamellar matrix conformations
and this is facilitated by the presence of MSCs and osteo-
blasts.8 Since the osteoblasts have important role in assist-
ing bone repair, it is interesting to see how the osteoblast
utilizes the metabolites in order to grow in hypoxic condi-
tion. Therefore, the current study was carried out by using
Phenotype MicroarraysTM to assess the utilization of
metabolites under normoxic and hypoxic conditions.

Materials and methods

Materials

Phenotype microarray PM-M panels PM-M1, PM-M2, PM-
M3, PM-M4, Biolog Redox dye Mix MB (6�) (BIOLOG) and
Biolog IF-M1 were purchased from BIOLOG. DMEM/F12
was obtained from Gibco. G-418 sulfate was purchased
from Promega. Fetal bovine serum (FBS) was obtained
from TICO EUROPE. Meanwhile, the trypsin-EDTA
(0.25%) and trypan blue solution were purchased from
Naccalai (Japan).

Cell culture

Human osteoblast hFOB 1.19 was obtained from Centre for
Stem Cell Research, University Tunku Abdul Rahman
(UTAR), Malaysia. The cell was cultured in 25 cm2 flask
at 37�C in humidified atmosphere with 5% CO2. The
hFOB 1.19 was grown in DMEM/F12 (Gibco) supple-
mented with 10% FBS and 0.3mg/mL antibiotic G-418 sul-
fate (Promega).

Cell growth curve

The cell growth curve was studied to observe the effect of
different incubation conditions of normoxia and hypoxia
on hFOB 1.19 cell proliferation. The setting for normoxic
condition was programmed at 37�C with 5% CO2 and
21% O2, while the setting for hypoxic condition was

adjusted to incubation at 37�C with 5% CO2 and 1% O2.
Osteoblast cells were seeded in 24-well plates at a density
of 0.8� 104 cells per well and incubated at the respective
settings of normoxic and hypoxic conditions.

The cell growth curve was evaluated by counting the
cells every two days for a consecutive of 10-day culture.
The cells were harvested by trypsinization using 200mL of
0.25% trypsin-EDTA and incubated at 37�C for 5min. Then,
500mL of complete media was added and the cell suspen-
sion was transferred into a 1.5mL centrifuge tube. The cells
were centrifuged at 8000 r/min for 5min and the superna-
tant was discarded. The cell pellet was suspended in new
complete media and the cell count was performed using
trypan blue exclusion method. The cell counts were
recorded for every two days, and cell growth curve was
plotted.

Phenotype microarray

The PM-M plates used were PM-M1, PM-M2, PM-M3, and
PM-M4. PM-M1 contains carbohydrate and carboxylate
substrates, while PM-M2, PM-M3, and PM-M4 contain
single L-amino acids and most dipeptide combinations.9

The procedure for Biolog Phenotype microarray was car-
ried out according to the manufacturer’s instruction for
“Phenotype MicroArraysTM panel PM-M1 to PM-M14”
provided by BIOLOG. MC-0 assay medium used for the
phenotype microarray was prepared by the addition of
antibiotic G-418 sulfate, 200 nM glutamine, and 5% FBS in
BIOLG IF-M1.

The cultured hFOB 1.19 were harvested by removing the
media into 15mL centrifuge tubes before washing with PBS
twice and trypsinized with trypsin-EDTA for 2min. The
trypsinization process was stopped by adding the saved
media from 15mL centrifuge tubes before centrifuged for
10min at 350�g. After centrifugation, the cell supernatants
were discarded and 10mL of PBS were added into cell
pellets and resuspended before centrifuged for 10min at
350�g. Then, the supernatants were removed and MC-0
assay medium (BIOLOG) was added to the cell pellets.
The cell pellets were suspended in MC-0 assay media by
the pipetting method.

Then, 50 mL of cell suspension inMC-0 assay media were
added to each well with seeding number for each plate as
follows; PM-M1 and PM-M2 were seeded with 12,000 cells
per well, while 10,000 cells per well were seeded in each of
PM-M3 and PM-M4. The normoxic PM-M1 to PM-M4
plates were incubated at 37�C with 5% CO2 and 21% O2,
while the hypoxic PM-M1 to PM-M4 plates were incubated
at 37�C with 5% CO2 and 1% O2. All the PM-M plates were
incubated for 48 h to allow the cells utilize all the metabo-
lites available in MC-0 assay media Bochner, Siri.9

After 48 h incubation, 10 mL Biolog Redox dye Mix MB
was added to each well of all PM-M plates. Then, the plates
were sealed with sterile sealing tape for 96-well plates to
prevent CO2 loss. Then, the PM-M plates were incubated
for 48 h inside Omnilog Incubator/Reader to monitor the
reduction of dye. The PM-M plates were photographed and
kinetic plots were generated at the end of incubation
period.
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Statistical analysis

The statistical analysis for the cell proliferation of hFOB
1.19 was carried out by F-test to determine the variance
between the two sets of data. Since the variance between
cell proliferation of normoxic and hypoxic groups is equal,
t-test was then carried out. Statistical significance (*) is
achieved if P-value is less than 0.05.

Results and discussion

Cell viability of hFOB 1.19 under normoxic and hypoxic
conditions

The cell viability tests of hFOB 1.19 were carried out under
two different conditions, i.e. hypoxic and normoxic condi-
tions. The incubator for hypoxic condition was set by
adjusting the level of oxygen to 1%, while the setting for
normoxic condition followed the default setting for normal
proliferation for cell culture, i.e. 21% O2. The cell growth
curve was plotted as time against cell count in cell per mL
(Figure 1). Under hypoxic condition, hFOB 1.19 showed
increase in cell growth in which the cell number increased
from 5.0� 103 cells/mL on day 2 to 10,000 cells/mL on day
4 and subsequently 1.5� 104 cells/mL, 1.75� 104 cells/mL
and 4.25� 104 cells/mL on day 6, day 8, and day 10, respec-
tively. As for normoxic condition, the cell growth for hFOB
1.19 was increased from day 2 at 2.5� 103 cells/mL,
1.25� 104 cells/mL at day 4, and 1.5� 104 cells/mL at
day 6. At day 8, hFOB 1.19 showed a decrease in its
growth to 1.0� 104 cells/mL; however, there was an
increase of cell growth at day 10 with a total of 3.75� 104

cells/mL. Statistical tests showed P-value of more than
0.05, indicating that although cell proliferation of hFOB
1.19 under normoxic condition is better compared to hyp-
oxic condition, the difference is not statistically significant.

In this study, the cell proliferation of hFOB 1.19 was also
observed under microscope. The microscopic examination
showed that hFOB 1.19 under hypoxic condition demon-
strated better growth compared to hFOB 1.19 under nor-
moxic condition (Figure 2). There are studies that showed
the hypoxic condition promotes cell proliferation of certain
cells. For example, study by Tuncay et al.10 showed hypoxic
condition enhanced proliferation of osteoblast-enriched
culture isolated from fetal rat calvariae. Hypoxic condition
was also reported to enhance proliferation of mesenchymal
stem cells and osteogenic differentiation.11 In addition,
Hirao et al.12 have also shown that low oxygen tension pro-
motes differentiation of osteoblast to osteocytes.

There are few methods to measure cell proliferation and
viability including trypan blue exclusion and colorimetric
assays. Both of these methods have different approaches in
measuring cell viability and proliferation. Trypan blue
exclusion method utilizes trypan blue solution which is a
dye that penetrates into the non-viable cells, staining the
cells blue, while viable cells will not be stained. The color-
imetric assays such as MTT assay (3–(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) use the reduction
of MTT to formazan and measure the formation of forma-
zan.13 The formazan formation reflects the enzyme activity
of the viable cells.

In this study, hFOB 1.19 cultured under hypoxic condi-
tion showed higher cell growth than hFOB 1.19 under nor-
moxic condition by comparing the cell growth curve and
microscopic examination of cells under both conditions.
However, in order to study the utilization of carbon and
nitrogen sources that might be influenced by the level of
oxygen availability, the HFOB 1.19 were examined via phe-
notype microarray (BIOLOG) under two conditions (21%
O2 and 1% O2).

Phenotype microarray assessment of metabolites
utilization by hFOB 1.19 under normoxic and hypoxic
conditions

To investigate the utilization of metabolites by hFOB 1.19
under hypoxic and normoxic conditions, the metabolism of
hFOB 1.19 was identified using phenotype microarray PM-
M plates (BIOLOG).

Each of the PM-M plates has three wells as negative con-
trol (without any metabolites) and positive control (coated
with D-glucose). In order to observe the utilization of
metabolites by hFOB 1.19, the cells were incubated under
normoxic and hypoxic conditions for two days. After incu-
bation, the BIOLOG dye was added to observe the reduc-
tion activity of dye caused by the energy produced through
cell catabolism. The BIOLOG dye was added after the incu-
bation to ensure the cell utilized all the fetal bovine serum
provided by the media. When cells utilized the metabolites,
Biolog Redox dye Mix MB would be reduced and devel-
oped into a purple solution in the PM-M which reflects the
energy release due to catabolic pathways.9 These changes
can be measured using Biolog’s OmniLog PM Instrument.
The depletion of the serum was observed in the negative
control wells in which the colorless wells indicate no reduc-
tion of the BIOLOG dye.

In this study, the cell growth was detected in the PM-M1,
whereas the PM-2, PM-M3, and PM-M 4 showed low to no
cell growth compared to the control wells (Figure 3). There
are 14 wells containing carbon sources that showed cell
growth in both hypoxic and normoxic condition, which
includes dextrin (well A5), glycogen (well A6), maltotriose

Figure 1. Cell viability of hFOB 1.19 under normoxic and hypoxic conditions. In

general, hFOB 1.19 under hypoxic condition showed an increase growth com-

pared to hFOB 1.19 under normal condition. On day 6, the cell growth for both

conditions was similar. On day 8, the cell growth under normoxic condition

showed a decrease (about 10,000 cells/mL) before it increased to 37,500 cells/

mL. (A color version of this figure is available in the online journal.)
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(well A8), D-maltose (well A9), D-glucose-6-phospate (well
B1), D-glucose (well B4,B5 and B6), D-mannose (well C5),
D-Turanose (well C12), D-fructose-6-phosphate (well D6),
D-galactose (well E3), Uridine (well E10), adenosine (well
E11), inosine (well E12), and a-keto-glutaric acid (well G6).
In addition, hFOB 1.1.9 under hypoxic condition showed
two wells containing a-D-glucose-1-phosphate (well B2)
and D-fructose (well D7) were metabolized under low
oxygen availability compared to normoxic condition. As
for hFOB 1.19 under normoxic condition, only one well
coated with D-L-a-glycerol phosphate (well F10) was
shown to be utilized by hFOB 1.19.

Osteoblasts use glycolysis as the main pathway to pro-
duce energy.14 Previous studies showed that glucose plays

a role in osteoblast differentiation15 and metabolism of
epiphyseal-metaphyseal bone slices in vitro.16 However, it
is interesting to observe which metabolites will be utilized
by osteoblasts if the osteoblasts are grown under hypoxic
condition compared to normoxic condition. In this study,
osteoblast in both conditions showed strong utilizing of
metabolites associated with glycolysis such as glucose, D-
glucose-6-phosphate, fructose and mannose; disaccharides,
i.e. maltose, turanose, tagatose, and galactose with other
polysaccharides such as glycogen and dextrin. This study
shows concurrence with a study reported by Flanagan and
Nichols,17 which described an in vitro experiment on
human bone metabolism, and showed that the human
bone has affinity to using glucose as a source of energy.

Figure 2. Observation of hFOB 1.19 for 10 days under a microscope (mag. 100X). (a–e) hFOB 1.19 under normoxic condition from Day 2 to Day 10. (f–j): HFOB 1.19

under hypoxic condition from Day 2 to Day 10. In this study, the cell growth of hFOB 1.19 under hypoxic condition showed greater proliferation compared to cell growth

of hFOB 1.19 under normoxic condition.
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In bone fracture, when the blood supply is disrupted, the
depletion of oxygen in fracture area occurred and this
caused hypoxic condition to the bone tissue.18 When the
hypoxic condition in fracture site occurred, this will hinder
the healing of bone fracture.19 As the hypoxic condition is
present in the fracture site, it also triggers the osteoclast dif-
ferentiation and bone resorption activity by activation of
hypoxia-inducible factor (HIF) in mature osteoblasts.20 In
this study, osteoblasts in hypoxic condition showed greater
growth compared to those in normoxic condition except for
well containing D-L-a-glycerol phosphate (Figure 4). A
study conducted by Hung et al.11 showed that the prolifera-
tion of humanmesenchymal stem cell (MSCs) was increased
in hypoxic condition and also promoted osteogenic differen-
tiation of MSCs. Hypoxic condition can trigger osteoblast
cells to facilitate bone remodeling by producing pro-
osteoclastogenic cytokines such as RANKL, IL-6, IL-11, etc.21

Our study showed that oxygen availability could change
metabolite utilization. The results indicated that a-D-glu-
cose-1-phosphate and D-fructose were metabolized by
osteoblast in hypoxic condition, while D-L-a-glycerol

phosphate was utilized by osteoblast in normoxic condi-
tion. Glucose-1-phosphate is the intermediate substrate
used for the glycogen synthesis22 and glycogenolysis.23

There was an interesting observation in the utilization of
glycogen and glucose-1-phosphate by osteoblasts. The
osteoblasts in both hypoxic and normoxic condition
showed positive result in utilization of glycogen; however,
only osteoblast in hypoxic condition showed the utilization
of glucose-1-phosphate. The lack of growth supplement
from FBS to the osteoblast may induce the osteoblast to
utilize glycogen to proliferate. On the other hand, the
oxygen deprivation influenced the osteoblasts to utilize
glucose-1-phosphate and may induce the glycogen synthe-
sis. Pescador et al.24 study on muscle under hypoxic condi-
tion showed the C2C12 myotubes accumulation of
glycogen in the cells, inducing the muscle glycogen syn-
thase and proved that HIF have a role in accumulation of
glycogen in muscle cell.

On the other hand, the osteoblasts in hypoxic condition
showed more reduction activity in well containing fructose
compared to osteoblasts in normoxic condition.

Figure 3. Photographs of hFOB 1.19 cells after 48 h of incubation under normoxic condition and hypoxic conditions in the Biolog’s Omnilog PM Instrument. The plates

were arranged from top, PM-M1 to bottom plates labeled as PM-M4. Negative control wells (black boxes) were wells without biochemical substrate, while positive

control wells (purple boxes) were the wells supplemented with D-glucose. The utilization of metabolites was highlighted by green boxes (represent high utilization of

metabolites used by hFOB 1.19 in hypoxic condition compared to normoxic condition) and red boxes (represent high utilization of metabolites used by hFOB 1.19 in

normoxic condition compared to hypoxic condition). The white boxes represent metabolites utilized by hFOB 1.19 in both hypoxic as well as normoxic condition.

(A color version of this figure is available in the online journal.)
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The metabolism of fructose usually takes place in the liver
producing two intermediates for glycolysis, i.e. glyceralde-
hyde 3-phosphate and dihydroxyacetone-phosphate.25

Fructose is metabolized by fructokinase to yield fructose
1-phosphate and these fructose 1-phosphate stimulate
activity of alkaline phosphatase in osteoblast of neonatal
rat calvaria.26 In the case of fructose and hypoxic condition,
Anundi et al.27 showed the fructose protects liver cells from
apoptosis due to the hypoxic condition.

D,L-a-glycerol phosphate, also known as glycerol 3-
phosphate, has been shown to be participating in the sev-
eral metabolic pathways, i.e. glycolysis, lipid metabolism,
and glycerol-3-phostaphe shuttle.28 In this study, the
glycerol-3-phosphate was utilized by osteoblasts in nor-
moxic condition only, and it is believed that glycerol-3-
phosphate shuttle and oxidative phosphorylation may
take part in the metabolism of glycerol-3-phosphate by
osteoblasts in normoxic condition. Glycerol 3-phosphate
shuttle utilized the glycerol 3-phosphate and converted it
to dihydroxyacetone phosphate (DHAP) by mitochondrial
glycerol-3-phosphate dehydrogenase 2 with simultaneous
reduction of flavin adenine dinucleotide (FAD) to FADH2

and it was used in mitochondrial oxidation phosphoryla-
tion to generate ATP.29

Conclusions

The current study showed that the osteoblasts can adapt in
both normoxic and hypoxic conditions by slight modifica-
tion in term of utilization of metabolites. This input of oste-
oblast metabolites utilization may be beneficial for future
investigation to enhance the fracture healing by increasing
osteoblast cell proliferation. However, since the healing of
bone fracture is influenced bymultiple aspects such as phys-
iological, molecular, and cellular factors, cautions need to be

addressed for the direct usage of these metabolites to
enhance fracture healing. As this study only focused on
the utilization of metabolites by osteoblast cells in hypoxic
and normoxic conditions, future studies of the HIF and its
connection with glycogen and glucose-1-phosphate utiliza-
tion are suggested to assess their association at genetic level.
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Figure 4. Metabolic changes of hFOB 1.19 incubated under normoxic (red) and hypoxic (green) conditions. The metabolic changes were monitored inside Omnilog,

where signals from all the wells were subtracted by background signal in negative control wells (labeled with black box). Yellow represents the overlapping growth

between hFOB 1.19 under normoxic and hypoxic conditions. Blue boxes represent high utilization of metabolites by hFOB 1.19 under either hypoxic condition or

normoxic condition. White boxes represent the metabolites utilized by osteoblast cells in both conditions. Purple boxes are the wells containing D-glucose, which

represent the positive controls. (A color version of this figure is available in the online journal.)

1182 Experimental Biology and Medicine Volume 246 May 2021
...............................................................................................................................................................

https://orcid.org/0000-0002-0505-7554
https://orcid.org/0000-0002-0505-7554
https://orcid.org/0000-0002-0505-7554


REFERENCES

1. Florencio-Silva R, Sasso GR, Sasso-Cerri E, Sim~oesMJ, Cerri PS. Biology

of bone tissue: structure, function, and factors that influence bone cells.

BioMed Res Int 2015;2015:421746
2. Carter DR, Gary SB. Skeletal tissue histomorphology and mechanics.

Skeletal function and form: mechanobiology of skeletal development, aging,

and regeneration. Cambridge: Cambridge University Press, 2001, p. 37

3. Liu T, Zou W, Shi G, Xu J, Zhang F, Xiao J, Wang Y. Hypoxia-induced

MTA1 promotesMC3T3 osteoblast growth but suppressesMC3T3 oste-

oblast differentiation. Eur J Med Res 2015;20:1–7
4. Araldi E, Schipani E. Hypoxia, HIFs and bone development. Bone

2010;47:190–6

5. Heppenstall RB, Goodwin C, Brighton C. Fracture healing in the pres-

ence of chronic hypoxia. J Bone Joint Surg Am 1976;58:1153–6

6. Dimitriou R, Tsiridis E, Giannoudis PV. Current concepts of molecular

aspects of bone healing. Injury 2005;36:1392–404

7. Wagegg M, Gaber T, Lohanatha FL, Hahne M, Strehl C, Fangradt M,

Tran CL, Sch€onbeck K, Hoff P, Ode A, Perka C, Duda GN, Buttgereit F.

Hypoxia promotes osteogenesis but suppresses adipogenesis of human

mesenchymal stromal cells in a hypoxia-inducible factor-1 dependent

manner. PLoS One 2012;7:e46483
8. Frederic S. Bone development and its relation to fracture repair. The

role of mesenchymal osteoblasts and surface osteoblasts. Eur Cells Mate

2008;15:53–76

9. Bochner BR, Siri M, Huang RH, Noble S, Lei X-H, Clemons PA, Wagner

BK. Assay of the multiple energy-producing pathways of mammalian

cells. PLoS One 2011;6:e18147
10. Tuncay OC, Ho D, Barker MK. Oxygen tension regulates osteoblast

function. Am J Orthod Dentofacial Orthop 1994;105:457–63

11. Hung S-P, Ho JH, Shih Y-RV, Lo T, Lee OK. Hypoxia promotes prolif-

eration and osteogenic differentiation potentials of human mesenchy-

mal stem cells. J Orthop Res 2012;30:260–6
12. Hirao M, Hashimoto J, Yamasaki N, Ando W, Tsuboi H, Myoui A,

Yoshikawa H. Oxygen tension is an important mediator of the trans-

formation of osteoblasts to osteocytes. J Bone Miner Metab

2007;25:266–76

13. Mosmann T. Rapid colorimetric assay for cellular growth and survival:

application to proliferation and cytotoxicity assays. J Immunol Methods

1983;65:55–63

14. Esen E, Long F. Aerobic glycolysis in osteoblasts. Curr Osteoporos Rep

2014;12:433–8

15. Zayzafoon M, Stell C, Irwin R, McCabe L. Extracellular glucose influ-

ences osteoblast differentiation and c–jun expression. J Cell Biochem

2000;79:301–10

16. Cohn DV, Forscher BK. Aerobic metabolism of glucose by bone. J Biol
Chem 1962;237:615–8

17. Flanagan B, Nichols G. Metabolic studies of human bone in vitro. I.

Normal bone. J Clin Invest 1965;44:1788–94
18. Lu C, Rollins M, Hou H, Swartz HM, Hopf H, Miclau T, Marcucio RS.

Tibial fracture decreases oxygen levels at the site of injury. Iowa
Orthopaed J 2008;28:14–21

19. Lu C, Miclau T, Hu D, Marcucio RS. Ischemia leads to delayed union

during fracture healing: a mouse model. J Orthop Res 2007;25:51–61
20. Knowles HJ. Hypoxic regulation of osteoclast differentiation and bone

resorption activity. Hypoxia 2015;3:73–82

21. Ishimi Y, Miyaura C, Jin CH, Akatsu T, Abe E, Nakamura Y, Yamaguchi

A, Yoshiki S, Matsuda T, Hirano T. IL-6 is produced by osteoblasts and

induces bone resorption. J Immunol 1990;145:3297–303
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