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Non-healing fractures constitute a serious clinical problem. HIF-1α is a crucial regulator in response to hypoxia
and is proven to be pivotal in bone growth; however, the mechanism still needs further research. In this study,
iTRAQ was used to study the eﬀects of two HIF-1α inducers on the expression of proteins in MG63 cells. A total
of 841 proteins were signiﬁcantly changed after treatment with HIF-1α inducers. Among these, 12 proteins were
functionally involved in the HIF-1 and VEGF signaling pathways. We then studied the protein and gene expression of the twelve proteins by western blot and RT-PCR, respectively. The results conﬁrmed that VEGF,
TFRC, ERK1/2, iNOS, GLUT1, ALDOA, ENO1 and IP3R1 were markedly upregulated, while NF-κB, RCN1, PLCγ1
and CaMKII were signiﬁcantly downregulated upon treatment with HIF-1α inducers. Meanwhile, the intracellular levels of Ca2+, NO and ROS were closely related and signiﬁcantly changed. Up-regulation of HIF can
maintain high levels of Ca2+ and NO while reducing ROS and protect cells from apoptosis induced by low serum.
This study presents a new way to study the regulation of HIF on bone growth by investigating the Ca2+, NO and
ROS levels.
Signifcance: We found that the regulation of Ca2+ and NO proteins are tightly associated with HIF pathway using
iTRAQ method. Furthermore, the concentration of Ca2+, NO and ROS are closely related in low serum cultured
cells. Up-regulation of HIF pathway can maintain high levels of Ca2+ and NO while reducing ROS damage.

1. Introduction
Bone fractures are a familiar condition that often occurs as a result
of falls or other accidents. Spine fractures can even take place in everyday activities without any other trauma. Bones possess the postnatal
abilities of regeneration and self-repair. However, of the many fractures
reported annually in China, there are still many patients who have
impaired healing. This results in many patients spending much time and
money on treatments, causing a large ﬁnancial burden to individuals
and families. It also has a great impact on social productivity [1].
Therefore, it is very important to investigate the regulatory mechanism
of fracture healing. Bone remodeling processes involve the diﬀerentiation of osteoblasts and osteoclasts and are regulated by a variety of
signaling pathways. For example, Wnt/beta-catenin promotes osteoblasts to diﬀerentiate from mesenchymal progenitor cells [2]. The
RANKL/RANK/OPG pathway plays an important role in promoting
osteoclast diﬀerentiation [3]. Activation of the Notch pathway promotes the angiogenesis and osteogenesis of bone [4]. Among the many
regulatory pathways, we focused on the hypoxia signaling pathway, as

⁎

bone is a physiological hypoxic tissue.
HIF is a key regulator in the response to hypoxia and has been
conﬁrmed to be activated in fracture healing [5]. HIFs are important
transcription factors whose activity is regulated by the hydrolysis of
subunits of oxygen-dependent proteins [6]. Under normal oxygen
conditions, HIF-1α is constitutively expressed and quickly degraded.
The beginning of degradation is the hydroxylation of proline residues
by HIF-proline hydroxylase (PHDs). This process requires iron, oxygen
and 2-oxoglutarate as cofactors [7]. Under hypoxia, due to the inactivation of PHDs, HIF-1α accumulates and is transferred to the nucleus where it dimerizes with HIF-1β, thereby activating HIF-responsive
genes. Small molecule inhibitors of PHDs can block HIF-1α degradation
and thus activate the HIF-related pathway; therefore, they can also be
called HIF-1α inducers. The molecules that have been studied are
mainly iron chelators [e.g., desferrioxamine (DFO)] and 2-oxoglutarate
analogues [e.g., dimethyloxalylglycine (DMOG) and L-mimosine (Lmim)], which interfere with the cofactors of the degradation process
[8–10]. The HIF pathway regulates many life processes, such as angiogenesis, carbohydrate metabolism and cell proliferation. Especially,
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HIF also plays an important role in the process of fracture healing
[11–16].
The initial injury or subsequent treatment of a fracture may lead to
insuﬃcient blood supply, a common feature of fracture nonunion.
Animal fracture models of nonunion also conﬁrm that nonunion is
usually caused by the ablation of vessels and soft tissue at the fracture
site [17,18]. In addition, hypovascular or hypoperfusion is observed in
most nonunion models (as well as clinical nonunion) [19]. Since the
vascular supply is widely recognized as important for tissue and bone
repair, research has focused on drug intervention to improve the blood
supply in these environments. Vascular endothelial growth factor
(VEGF), an important target gene of HIF, has been shown to promote
healing of nonunion and critical size defects in rabbits [17,18,20], but it
has not successfully increased healing in standard rabbit distraction
models [21]. More importantly, because of the need for recombinant
protein or gene therapy, the therapeutic application of VEGF may be
problematic and expensive. As an alternative approach, we explored the
use of small molecules that target the HIF pathway to activate angiogenesis more globally. We hypothesized that HIF activation could be
used to increase vascularity in a more generalizable skeletal repair
model to heal stabilized femur fractures. However, the regulation mechanisms of the HIF pathway and the target genes involved in fracture
healing require further study.
In recent decades, many proteomic platforms for the qualitative and
quantitative characterization of protein mixtures and posttranslational
modiﬁcations have been developed, such as 2D gel-MS [22] and LCMS/
MS [23]. At present, iTRAQ stands out from traditional proteomics
technologies because of its unique advantages, such as accurate quantiﬁcation, high-eﬃciency sample separation, a high identiﬁcation rate
and excellent instrument performance [24]. Moreover, iTRAQ analysis
has been further strengthened by powerful bioinformatics tools and
statistical analysis [25]. By using the corresponding experimental
model and the iTRAQ method, many researchers have made tremendous progress in identifying proteins that are involved in pathogenic processes.
In this study, the eﬀects of two novel PHD inhibitors (IOX2 and
FG4592), which are also termed HIF-1α inducers, on the expression of
proteins involved in the hypoxia-related signaling pathways in osteosarcoma cell lines were studied. A total of 841 proteins were signiﬁcantly changed after exposure to the HIF-1α inducers. Among these,
12 proteins were found to be functionally involved in the HIF-1 signaling pathway and the VEGF signaling pathway. Meanwhile, the intracellular levels of Ca2+, NO and ROS were also signiﬁcantly changed
upon treatment with either IOX2 or FG4592. Up-regulation of HIF
pathway can maintain high levels of Ca2+ and NO while reducing ROS
damage. This is a novel ﬁnding for HIF-related diseases.

2.3. Cell survival assay
A Cell Counting Kit (Keygen, Nanjing, China) was used to detect the
cell viability. MG63 cells were cultured in 96-well plates for 24 h and
then various concentrations of IOX2 and FG4592 were added and cultured for another 24 h. To determine cell viability, 10 μL of WST-8 was
added to each well. After incubation for 2 h, the absorbance at 450 nm
was measured by an automatic enzyme-linked immunosorbent assay
plate reader (Thermo Scientiﬁc Varioskan Flash, Massachusetts, USA).
2.4. Protein extraction, quantiﬁcation, digestion and iTRAQ labeling
The MG63 cells were cultured overnight and then pre-incubated
with drugs for 24 h. Each sample was then ground into powder in liquid
nitrogen and dissolved in a lysis solution [2 M thiourea, 7 M urea,
65 mM DTT, 0.5% Bio-Rad Ampholyte, 4% CHAPS]. The mixture was
reacted at 30 °C for 1 h and centrifuged for 20 min at room temperature
at 15000g. The supernatant after centrifugation was collected and
quantiﬁed by the Bradford method [26]. A 100 mg aliquot of protein
was taken from each sample and dissolved in a buﬀer solution (AB
Sciex, Foster City, CA, USA). The samples were reduced, alkylated and
digested with trypsin and then labeled according to the instructions of
the iTRAQ Reagents 8-plex kit (AB Sciex). Twenty-four hours later, the
samples were collected and labeled with iTRAQ reagents with molecular weights of 113, 114, 115, 116 and 117 Da. After labeling, a strong
cation exchange chromatography (SCX) column (Agilent 1200 HPLC;
Agilent) was used to collect and purify all samples, and liquid chromatography (LC) with an Eksigent nanoLC-Ultra 2D system (AB Sciex)
was used for separation. The LC components were analyzed by a Triple
TOF 5600 mass spectrometer (AB Sciex) equipped with a Nanospray III
source (AB Sciex, USA) and a pulled quartz tip as the launcher (New
Objectives, USA). The data were obtained using 2.5 kV ion spray voltage, 30 PSI curtain gas, 5 PSI spray gas and 150 °C interface heater
temperature. For information-dependent acquisition (IDA), survey
scans were collected within 250 ms. If the threshold of 150 counts per
second (counts/s) was exceeded and the charging state was 2 + to 5 +,
up to 35 product ion scans were collected. The total circulation time
was ﬁxed at 2.5 s. Rolling collision energy settings were applied to all
precursor ions for collision-induced dissociation (CID). The dynamic
exclusion peak width K was set to 18 s, and the precursor from the
exclusion list was refreshed.
2.5. Protein identiﬁcation and quantiﬁcation
The iTRAQ data were processed by Protein Pilot Software v5.0, and
the original data were processed according to the MG63 transcription
and genome database [27]. Protein identiﬁcation was carried out with a
search option emphasizing biological modiﬁcations. The database retrieval parameters were as follows: the instrument was a Triple TOF
5600, iTRAQ quantiﬁcation, cysteine modiﬁed with iodoacetamide,
biological modiﬁcations were selected as ID focus, with trypsin digestion. To calculate the FDR, an automatic bait database search strategy
was used to estimate the FDR by using the Proteomics System Performance Evaluation Pipeline software (PSPEP) that is integrated into the
protein testing software. The FDR was calculated by dividing the
number of false positive matches by the total number of matches. In the
search process, iTRAQ was selected to quantify proteins using unique
peptides, and further analysis was carried out considering peptides with
ﬁtting values < 1%. In each iTRAQ run, diﬀerentially expressed proteins were determined by the ratio of diﬀerent marker proteins and pvalues provided by Protein Pilot; the p-values were generated by Protein Pilot using the peptides used to quantify their respective proteins.
Finally, for diﬀerential expression analysis, the average folding rates at
24 h were 113/117, 114/117, 115/117 and 116/117. Proteins with a

2. Materials and methods
2.1. General
MG63 cells were purchased from the Cell Bank of the Chinese
Academy of Sciences. MEM medium, penicillin, streptomycin and fetal
bovine serum (FBS) were purchased from Gibco (Gibco, Invitrogen,
Calif, USA). All other reagents were of analytical grade and were ﬁltered through a 0.22-μm ﬁlter. IOX2 and FG4592 were obtained from
SELLECK (Selleck Chemicals, Texas, USA). IOX2 and FG4592 were
dissolved in DMSO to form stock solutions and then diluted with culture
medium to the indicated concentrations.
2.2. Cell culture
MG63 cells were cultured in MEM medium with 10% FBS in a 5%
CO2 environment at 37 °C. At 90% conﬂuence, the cells were harvested
after treatment with 0.25% (w/v) trypsin and then re-passaged. Cell
growth was observed by a ﬂuorescence microscope (X-Cite® 120PC Q,
2
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fold change > 1.50 or < 0.67 or a p-value < .05 were considered to
have signiﬁcant diﬀerences in expression.
2.6. GO and KEGG pathway enrichment analysis
For the GO and KEGG pathway enrichment analysis, all query
proteins matching BLASTP were homologously searched according to
the Mus musculus protein database. The E-value was set to < 1 × e−10,
and the top 10 best hits for each query sequence were obtained. Of the
10 best hits, those with the best logo for the query were selected as
homologous. The GO analysis was carried out via diﬀerent mapping
steps to connect all BLAST hits with the functional information stored in
the Gene Ontology database using the DAVID toolkit. Protein IDs and
corresponding gene ontology information were linked through public
resources such as PIR, NCBI and GO. All comments are associated with
the evidence code that provides information about the quality of the
functional allocations. For KEGG pathway enrichment analysis, the
annotated proteins in the data set were queried in the KEGG database
for pathway enrichment, and a protein-protein interaction network was
constructed using Cytoscape.
Fig. 1. Changed proteome distribution at diﬀerent concentrations. Venn diagram showing unique and shared proteins at diﬀerent concentrations points. A:
I30; B: F10; C: F30; D: I10.

2.7. Determination of intracellular Ca2+
The concentration of intracellular Ca2+ in cultured cells was detected by a Ca2+ detection kit (Beyotime Institute of Biotechnology,
Shanghai, China) after treatment with IOX2 and FG4592 for 24 h, respectively. After incubation with Fluo-3 AM at 37 °C for 35 min, the
cells were washed twice with PBS and measured by ﬂow cytometry
using BD LSRL Fortessa ﬂow cytometer (Franklin Lakes, NJ, USA). The
experimental results were analyzed using FlowJo software (Franklin
Lakes, NJ, USA).
2.8. Determination of intracellular NO
The concentration of intracellular NO in cultured cells was determined by a NO detection kit (Beyotime) after treatment with IOX2
and FG4592 for 24 h, respectively. After incubation with DAF-AM at
37 °C for 35 min, the cells were washed twice with PBS and then analyzed by ﬂow cytometry (BD). The experimental results were analyzed
using FlowJo software (Franklin Lakes).

Fig. 2. Number of diﬀerentially expressed proteins detected at 24 h. A: I30; B:
F10; C: F30; D: I10.

2.9. Determination of intracellular ROS

with TRIzol reagent (Invitrogen). The concentration of each sample was
adjusted to two micrograms by using a NanoDrop ND-1000 (Thermo
Scientiﬁc, USA). Reverse transcription was then performed using a
PrimeScript RT-PCR kit. The PCR process used the cDNA as a template
and proceeded according to the instructions (TaKaRa Taq™ kit). The
number of PCR cycles determined from the plot was 30 for HIF-1α,
NOS2, VEGF, P65, TFRC, GLUT1, MAPK1, MAPK3, ENO1, ALDOA,
IP3R1, RCN1, PLCγ1 and CaMKIIα and 25 for actin. The amount of
ampliﬁed product was detected by 1% agarose gel electrophoresis,
scanned and analyzed using Quantity One (Bio-Rad, Hercules, CA,
USA). The primers are shown in Table S2. Each sample was assayed in
triplicate.

The concentration of intracellular ROS in cultured cells was detected by a ROS detection kit (Beyotime) after treatment with IOX2 and
FG4592 for 24 h, respectively. After incubation with DCFH-DA at 37 °C
for 30 min, the cells were washed twice with PBS and then measured by
ﬂow cytometry (BD). The experimental results were analyzed by
FlowJo software (Franklin Lakes).
2.10. Laser confocal microscopy assay
MG63 cells were incubated with corresponding probes (Fluo-3 AM,
DAF-AM and DCFH-DA probes of Ca2+, NO and ROS, respectively) at
37 °C for 35 min. The cells were then washed three times with ice-cold
PBS and visualized by confocal microscopy (LSM 710, Carl Zeiss, Jena,
Germany). Images were acquired using the green channel:
λex = 488 nm, λem = 520 nm to monitor the cytosolic ﬂuorescence of
Fluo-3 AM, DAF-AM and DCFH-DA probes, respectively. Fluorescence
intensity measurements were performed using ZEN 2008 software. For
each experiment, cells were monitored at 10-s intervals for a total of
300 s.

2.12. Western blot analysis
Total protein was collected by protein lysate. The total protein
concentration of the sample was determined and adjusted to the appropriate concentration and was then separated by SDS-PAGE
(8%–12%). PVDF ﬁlm was used for transfer. The membrane was
blocked for 1 h at room temperature and then incubated with primary
antibody at 4 °C overnight. After washing, secondary antibodies were
incubated with the membrane for 1 h at room temperature. After
washing, enhanced chemiluminescence (ECL, Millipore) photographs
were taken.

2.11. RNA isolation and reverse transcription PCR
Total RNA was extracted according to the instructions provided
3
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Fig. 3. Most signiﬁcant KEGG pathways associated with diﬀerentially expressed proteins at each concentration point. a: I10; b: I30; c: F10; d: F30.
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Fig. 4. Eﬀects of IOX2 and FG4592 pre-incubation on protein expression of HIF and related proteins in MG63 cells. (A) Protein expression bands. (B) Statistical
analysis of the protein expression levels. (a) iNOS, (b) NF-κB, (c) TFRC, (d) ERK1/2(P44/42), (e) Glut1, (f) ALDOA, (g) ENO1, (h) IP3R1, (i) RCN1, (j) PLCγ1, and (k)
CaMKII. (C) Protein expression level of VEGF detected by ELLISA. The protein expression levels are given as the protein/actin ratio. All data in the ﬁgures represent
the mean value ± SD. *P < 0.05; **P < 0.01.

(BAPTA, 5 μM), NO scavenger (Hb, 5 μM), ROS scavenger (NAC, 5 mM)
and H2O2 (100 μM) were used to regulate the levels of Ca2+, NO and
ROS respectively. The results were collected by laser confocal microscopy.

2.13. ELISA assay
The concentrations of VEGF protein in cultured cells were detected
by an ELISA kit (Beyotime) after treatment with IOX2 and FG4592 for
24 h, respectively. The supernatant of the culture medium was collected, and relevant procedures were performed according to the instructions. Protein detection was performed using an automatic ELISA
plate reader (Thermo Scientiﬁc, Varioskan Flash).

2.17. Statistical analysis
All tests were repeated three times to ensure reliability of the results. The data are expressed as the mean ± standard deviation (SD).
We used one-way ANOVA to compare the diﬀerences between two or
more independent groups. *P < 0.05 and **P < 0.01 were considered
to have statistical signiﬁcance. IBM SPSS Statistics 20 was used for the
statistical analysis.

2.14. Cell cycle experiment
MG63 cells were cultured with the given drug concentrations for
24 h. The cells were then collected, ﬁxed with 70% ethanol at 4 °C
overnight and stained with propidium iodide (PI). After incubation at
37 °C for 30 min, the cells were washed twice with PBS and then
measured by ﬂow cytometry (BD). The experimental results were
analyzed by FlowJo software (Franklin Lakes).

3. Results
3.1. GO and KEGG analysis of the diﬀerential expression proteins

2.15. Apoptosis assay

Considering the cytotoxicity tests and the eﬀects of diﬀerent concentrations of drugs on the accumulation of HIF-1α (Fig. S1, S2), IOX2
and FG4592 (both at 10 μM and 30 μM, named as I10, I30, F10, F30
separately) were selected for subsequent proteomic detection. 3598
distinct proteins were identiﬁed and quantiﬁed reliably at a global false
discovery rate (FDR) of 1%. A total of 841 identiﬁed proteins had signiﬁcant changes in expression levels when the cells were exposed to
diﬀerent drugs and diﬀerent concentrations compared with the control
group, and 30 proteins were diﬀerentially expressed at all of the different concentration points (Fig. 1, Table. S1). Among these diﬀerentially expressed proteins (DEPs), 432, 272, 284 and 275 up- or downregulated proteins were identiﬁed in the MG63 cells during the shortterm IOX2 and FG4592 treatment, respectively (Fig. 2). For an

Cells (1 × 106) were collected, washed and resuspended in phosphate buﬀered saline (PBS), annexin V-ﬂuorescein isothiocyanate
(FITC, 5 μL/Tube) and propidium iodide (PI) were added and incubated
for 20 min at 37 °C. Cells were analyzed by FACScan ﬂow cytometer
(BD) with FlowJo sofware (Franklin Lakes).
2.16. Study on the relationship between Ca2+, NO and ROS in low serum
cultured cells
The concentration and correlation of intracellular Ca2+, NO and
ROS in low serum cultured cells were also explored. Calcium chelator
5
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Fig. 5. Eﬀects of IOX2 and FG4592 pre-incubation on mRNA expression of HIF and related genes in MG63 cells. mRNA expression bands and statistical analysis of
mRNA expression: (a) HIF-1α. (b) VEGF. (c) NOS2. (d) NF-κB. (e) TFRC. (f) MAPK1. (g) MAPK3. (h) GLut1. (i) ALDOA. (j) ENO1. (k) IP3R1. (l) RCN1. (m) PLCγ1 and
(n) CaMKII. The mRNA expressions are given as the mRNA/actin ratio. All data in the ﬁgures represent the mean value ± SD. *P < 0.05; **P < 0.01.

p11166 (glucose transporter 1, GLUT1) plays a key role in promoting
glucose transport and is encoded by the SLC2A1 gene [28,29]. P04075
(fructose-bisphosphate aldolase A, ALDOA) directly interacts with
p09972 (fructose-bisphosphate aldolase C, ALDOC) and p18669
(phosphoglycerate mutase 1, PGAM1) and three glycolysis/gluconeogenesis-related proteins were signiﬁcantly increased at I10, suggesting
an activation of glycolysis upon I10 stimulation. ALDOA is the key
enzyme in glycolysis and in the reverse pathway of gluconeogenesis
[30]. Therefore, it plays an important role in ATP biosynthesis. P19174
(1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase gamma-1,
PLCγ1) catalyzes the formation of inositol 1,4,5-triphosphate and diacylglycerol from phosphatidylinositol 4,5-diphosphate [31]. This reaction uses calcium as a cofactor, so the concentration of calcium ion also
aﬀects its activity. Q13554 (calcium/calmodulin-dependent protein
kinase type II subunit, CaMKII), which is involved in proteoglycans in
cancer, was signiﬁcantly decreased [32]. CaMKII is a ubiquitously expressed multifunctional serine/threonine kinase that is crucial for Ca2+
signal transduction [33]. CaMKII is involved in many signaling cascades
and is thought to be an important mediator of learning and memory
[34]. P29994 (inositol trisphosphate receptor, IP3R) is a membrane
glycoprotein complex acting as a Ca2+ channel that is activated by
inositol trisphosphate (IP3) [35]. IP3R is not only an important factor in
controlling cell division, cell proliferation, apoptosis and other physiological processes [36], it also represents a major second messenger in
the process of releasing Ca2+ from intracellular storage sites. Many
studies have shown that IP3R plays a key role in promoting the transformation of external stimuli into intracellular Ca2+ signals. Q15293
(reticulocalbin-1, RCN1) is a calcium-binding protein located in the
lumen of the ER. Given that so many calcium-related proteins were

overview of the function of all detected DEPs and the potential linkages
between them, a GO enrichment analysis was performed for the DEPs
detected at each concentration (Fig. S3). The DEPs were classiﬁed into
the Biological process (BP), Cellular component (CC) and Molecular
function (MF) categories. At I30, the DEPs were predominantly binding
proteins that were involved in cellular component organization or
biogenesis or were involved in the responses to cellular localization. At
F10 and F30, the DEPs were also primarily binding proteins that were
involved in cellular component organization or biogenesis and in the
positive regulation of biological processes. And at I10, the DEPs were
predominantly related to the negative regulation of biological processes
and to the negative regulation of cellular processes (Fig. 2). Further
KEGG pathway enrichment revealed that these proteins were mainly
involved in oxidative phosphorylation, carbon metabolism, ribosomes,
protein processing in endoplasmic reticulum, regulation of actin cytoskeleton and the VEGF signaling pathway at I30; glycolysis/gluconeogenesis, and the Rap1 signaling pathway, focal adhesion and proteoglycans in cancer at F10; metabolic pathways and the HIF-1
signaling pathway at F30; and metabolic pathways, the HIF-1 signaling
pathway and the VEGF signaling pathway at I10 (Fig. 3). The pathways
we were interested in for the four concentrations were the HIF-1 signaling pathway and the VEGF signaling pathway, which should be
closely related to bone growth and metabolism.
3.2. Protein interaction network
A regulation network was constructed to better understand the relationship between the proteins and aﬀected pathways (Fig. S4). Among
them, twelve of the DEPs captured our interest. As shown in the model,
6
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Fig. 6. IOX2 and FG4592 regulate intracellular Ca2+. (a) The intracellular concentration of Ca2+ was detected via ﬂow cytometry. (b) Confocal imaging after dosing
with IOX2 or FG4592 (30 μM). (c) Quantitative analysis of the ﬂuorescence changes in MG63 cells. All data in the ﬁgures represent the mean value ± SD. *P < 0.05;
**P < 0.01, compared with the control group. Scale bar: 20 μm.

1α transcription, and that HIF-1α activation may be concurrent with
the inhibition of NF-κB [46]. However, the relationship between NF-κB
and HIF is still unclear and worth studying. The results of proteinprotein interactions were also apparent because the HIF-1α signaling
pathway, MEK and ERK were highly upregulated, while NF-κB was
downregulated.

greatly changed, it was necessary to investigate the relationships between calcium-related pathways and HIF, as well as the Ca2+ level
[37]. P35228 (inducible nitric oxide synthase, iNOS), also known as
nitric oxide synthase 2 (NOS2), produces large quantities of NO upon
stimulation; the induction of the high-output iNOS usually occurs in an
oxidative environment [38]. Here, the expression of iNOS rose dramatically. The upregulation of Q02750 (dual-speciﬁcity mitogen-activated protein kinase kinase 1, MAP2K1) and P28482 (mitogen-activated protein kinase 1, MAPK1) was also notable. The expression and
activity of HIF-1α are regulated by various signaling pathways, and
extracellular signal-regulated kinase (ERK) is considered to be an effective regulator of HIF-1α expression [39,40]. ERK is a subfamily
member of the mitogen-activated protein kinase (MAPK) family, and its
pathway has been proven to play an important role in cell survival,
growth and proliferation [41]. These are also involved in the neurotrophin signaling pathway. P02786 (transferrin receptor protein 1,
TFRC1) can be inhibited by small molecules, leading to growth inhibition [42,43]. P06733 (enolase 1, ENO1) is a glycolytic enzyme
expressed in most tissues and plays a role in the oxidative stress of
endothelial cells. Both of these proteins were upregulated with HIF
activation. Q04206 (transcription factor p65, NF-κB) is part of the NFκB family of transcriptional activator proteins [44]. The NF-κB and HIF
pathways are intimately associated, and there is a signiﬁcant level of
crosstalk between these pathways at a number of levels [45]. It has
been reported that HIF-1α can activate NF-κB that NF-κB controls HIF-

3.3. Veriﬁcation of the HIF-1α pathway related protein expression
To further veriﬁcate the HIF-related signaling pathways of MG63
cells treated with IOX2 and FG4592, the protein expression of VEGF,
iNOS, NF-κB, TFRC, ERK1/2 (P44/P42), GLUT1, ALDOA, ENO1, IP3R1,
RCN1, PLCγ1 and CaMKII were explored by western blot (Fig. 4A). As
shown in Fig. 4a, the protein expression of HIF-1α in MG63 cells was
elevated in a dose-dependent manner via treatment with either IOX2 or
FG4592. TFRC, ERK1/2, iNOS, GLUT1, ALDOA, ENO1 and IP3R1 were
upregulated dramatically when treated with IOX2 and FG4592, while
NF-κB, RCN1, PLCγ1 and CaMKII were sharply downregulated in a
dose-dependent manner (Fig. 4B). The ELISA results showed that IOX2
and FG4592 induced the accumulation of VEGF by 12–200% in a
concentration-dependent manner compared with the control group
(Fig. 4C).
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Fig. 7. IOX2 and FG4592 regulate intracellular NO. (a) The intracellular concentration of NO was detected via ﬂow cytometry. (b) Confocal imaging after dosing with
IOX2 or FG4592 (30 μM). (c) Quantitative analysis of the ﬂuorescence changes in MG63 cells. All data in the ﬁgures represent the mean value ± SD. *P < 0.05;
**P < 0.01, compared with the control group. Scale bar: 20 μm.

increased after treatment for 24 h compared with the untreated group
(Fig. 6a). Short-term results showed that the intracellular Ca2+ concentration rapidly increased after administration and then slowly decreased over time but was maintained at a higher level than the control
group (Fig. 6b, c).

3.4. Veriﬁcation of the HIF-1α pathway related mRNA expression
Simultaneously, RT-PCR was employed to analyze the mRNA expression of HIF-1α, VEGF, iNOS, NF-κB, TFRC, MAPK1, MAPK3, GLUT1,
ALDOA, ENO1, IP3R1, RCN1, PLCγ1 and CaMKII (Fig. 5). The results
showed that the mRNA expression of HIF-1α, ALDOA and RCN1 were
almost unchanged regardless of preconditioning with either 10 μM or
30 μM IOX2 or FG4592 in MG63 cells. Both IOX2 and FG4592 induced
the mRNA accumulation of VEGF, iNOS, GLUT1, IP3R1 and ENO1 in a
dose-dependent manner compared with the control group. The lower
concentration of IOX2 and FG4592 elevated the mRNA expression of
TFRC and MAPK3, but their mRNA expressions were downregulated
under high concentrations. MAPK1 was downregulated at in a dosedependent manner by preconditioning with IOX2 and FG4592. The
results also showed that both IOX2 and FG4592 downregulated mRNA
expression of (NF-κB) P65 and CaMKII compared with the control
group, but the mRNA expression of PLCγ1 was slightly upregulated
with the high dose of FG4592.

3.6. IOX2 and FG4592 regulated intracellular NO
NO is an important factor in regulating blood vessels. We also used
ﬂow cytometry and confocal microscopy to detect changes in the NO
levels in MG63 cells after dosing. The NO level was also greatly increased after treatment for 24 h (Fig. 7a). Short-term results also
showed that intracellular NO concentrations rapidly increased after
administration and then slowly decreased over time but were maintained at a higher level than the control group (Fig. 7b, c). These
ﬁndings were consistent with the changes in calcium.
3.7. IOX2 and FG4592 regulated intracellular ROS

3.5. IOX2 and FG4592 regulated intracellular Ca2+

We detected the intracellular ROS level in MG63 cells after treatment with the corresponding concentrations of IOX2 and FG4592. The
ROS level was not signiﬁcantly increased after treatment for 24 h
(Fig. 8a). Short-term results also showed that the intracellular ROS
concentration rapidly decreased after administration and then slowly
decreased until to maintain at a lower level than that of the control
group (Fig. 8b, c).

The protein expression proﬁles indicated that many calcium-related
proteins had changed. To explore the role of IOX2 and FG4592 in regard to the Ca2+ level, we explored the changes in the intracellular
Ca2+ level by ﬂow cytometry and confocal microscopy after dosing
with IOX2 and FG4592. The intracellular Ca2+ level was greatly
8
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Fig. 8. IOX2 and FG4592 regulate intracellular ROS. (a) The intracellular concentration of ROS was detected via ﬂow cytometry. (b) Confocal imaging after dosing
with IOX2 or FG4592 (30 μM). (c) Quantitative analysis of the ﬂuorescence changes in MG63 cells. All data in the ﬁgures represent the mean value ± SD. *P < 0.05;
**P < 0.01, compared with the control group. Scale bar: 20 μm.

3.8. The concentrations of Ca2+, NO and ROS were closely related in lowserum-cultured cell

3.9. IOX2 and FG4592 protected MG63 against low-serum-induced cell
apoptosis

Under normal conditions, the intracellular Ca2+, NO and ROS levels
are too weak to easy detect by confocal laser scanning microscopy. So
we used the low-serum-cultured cells to explore whether the changes of
Ca2+, NO and ROS were related. Firstly, we detected the changes of
intracellular Ca2+, NO and ROS concentration after treatment for 24 h
with 1% FBS respectively. The results showed that (Fig. 9) Ca2+, NO
and even ROS levels increased sharply compared with the normal
group. Then we used confocal image to detect the changes of ﬂuorescence intensity incubation with Ca2+ scavenger (BAPTA), NO scavenger (Hb), ROS scavenger (NAC) or H2O2 in 1% FBS medium for 24 h,
respectively. As shown in Fig. 9b, the concentration of Ca2+ did decrease with the addition of BAPTA, and the level of NO and ROS also
decreased. When Hb was added, the ﬂuorescence intensity of NO decreased greatly, and the levels of Ca2+ and ROS also decreased. With
the addition of ROS scavenger, the ROS level decreased sharply and the
levels of Ca2+ and NO were also very low. When H2O2 was added, the
levels of ROS, Ca2+ and NO all greatly increased. The results indicated
that the concentrations of Ca2+, NO and ROS are closely related. When
one changed, the other two responded accordingly.

In order to investigate the eﬀect of HIF on MG63 cells in in lowserum-medium, we ﬁrst cultured cells, then transferred the medium to
1% FBS containing drugs for 24 h. The results showed (Fig. 10) that the
apoptotic rate of cells was about 20% after 24 h low serum treatment,
but very low in the treatment group, which indicated that HIF inducers
could protect cells against low serum -induced cell apoptosis.
3.10. IOX2 and FG4592 regulated the cell cycle
We also examined the eﬀect of IOX2 and FG4592 on the cell cycle.
The results showed that both small molecules blocked MG63 cells in the
S phase (Fig. S5).
4. Discussion
Fracture healing is a complex process that involves many pathways
regulating physiological processes, of which HIF plays an important
role. To better study the role of HIF in the healing process and the
proteins that are regulated, we used a proteomics technology to detect
changes in the whole protein expression of MG63 cells after IOX2 or
FG4592 treatment. The use of proteomics has provided insights into the
9
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Fig. 9. Changes of Ca2+, NO and ROS concentration
in low-serum-cultured cells. (a) The MG63 cells were
incubated with 10% FBS (control) or 1% FBS 24 h,
the intracellular concentration of Ca2+, NO and ROS
were detected via ﬂow cytometry, vs. 10% group. (b)
Confocal imaging after incubation with the corresponding experimental conditions: 10% FBS for 24 h,
1% FBS for 24 h, 1% FBS + BAPTA (5 μM), 1%
FBS + Hb (5 μM) for 24 h, 1% FBS + NAC (5 mM)
for 24 h, 1% FBS+ H2O2 (100 μM) for 24 h. (c)
Quantitative analysis of the ﬂuorescence changes in
MG63 cells. All data in the ﬁgures represent the
mean value ± SD. *P < 0.05; **P < 0.01, compared with the control group. Scale bar: 20 μm.

hMSCs are regulated by the release of Ca2+ through IP3R [50], and the
application of electrical stimulation is able to couple PLC near the cell
surface in human osteoblasts [51]. Signaling studies demonstrate that
calcium-sensing receptor (CaSR) stimulation in osteoblasts results in the
activation of PLC and ERK1/2 and contributes to osteoblast migration,
diﬀerentiation and bone remodeling. It also is known that CaM/CaMKII
plays a critical role in osteoblastic diﬀerentiation [52]. In this regard,
our results have shown that a decreased CaMKII protein expression, but
the intracellular Ca2+ level was signiﬁcantly increased. Once IOX2 and
FG4592 were added, the Ca2+ concentration rose immediately (Fig. 6b,
c). As time went on, the results remained signiﬁcant and were consistent with the results of the 24 h treatment. Therefore, we could
reasonably speculate that the activator of HIF may increase intracellular Ca2+ level by upregulating IP3R1 and ERK1/2. At the same
time, Ca2+ level is closely related to the HIF pathway. This provided
new ideas regarding the role of HIF in bone growth and deserved further study.
NO is a ubiquitous free radical with numerous physiological and
pathophysiological roles, and it plays a signiﬁcant role in bone development both in vitro and in vivo [53,54]. NO is produced through the
L-arginine/nitric oxide synthase (NOS) pathway from the terminal
guanidino nitrogen of L-arginine [55]. The iNOS-induced production of
NO is involved in the inﬂammatory response in diﬀerent settings, including acute myocardial infarction [56]. The upregulation of NO expression promotes angiogenesis and improves neurological outcomes
after stroke [57]. It has been reported that NO has distinct functional
roles depending on the stage of cell diﬀerentiation and is a signiﬁcant
tool for bone tissue engineering [58]. Based on these ﬁndings, the researchers proposed NO to be involved in coordinating speciﬁc phases of
osteoblast diﬀerentiation and bone formation. However, the regulation
mechanisms of the hypoxia signal and NO levels have not been investigated. Experimental results showed that the concentration of NO
increased with increasing administered concentration. The NO rose
immediately when IOX2 and FG4592 were added (Fig. 7b, c) and remained signiﬁcant high concentration, which was consistent with the

comprehensive landscape of changes at the molecular level. To explore
the core mechanisms, we focused on DEPs. Bioinformatics analyses
identiﬁed a core connected regulatory network consisting of both upregulated and downregulated proteins. These proteins were functionally involved in the HIF-1, VEGF and Rap1 signaling pathways. The
ﬁndings suggest that hypoxia and angiogenesis are important reasons
for the prognosis of fracture healing. Glycolysis, the neurotrophin signaling pathway and the iron delivery process were also identiﬁed in our
study, and these processes were connected with the core network,
suggesting that they are interlinked with the mechanisms of bone
growth. In contrast, the transcription factor p65 was signiﬁcantly suppressed, leading to abnormal cell growth, which could be a potential
mechanism in disturbing the growth and apoptosis function of tissues.
We found many proteins with obvious changes that bound to proteins in
the interaction network. We validated and conﬁrmed the authenticity
of the protein expression by western blot. The proteins included GLUT1,
ALDOA, and ENO1, which play an important role in the glycolysis/
gluconeogenesis pathways; TFRC and VEGF, which promote erythrocyte production and angiogenesis; iNOS, which induces large
quantities of NO production; NF-κB, which plays a regulatory role in
inﬂammatory responses and nuclear transcription; and ERK1/2, RCN1,
PLCγ1, CaMKII and IP3R1, which are involved in regulating intracellular Ca2+ level.
It is well established that intracellular Ca2+ is an important second
messenger that plays a key role in regulating numerous cellular activities, e.g., cell proliferation, diﬀerentiation, migration, and muscle
contraction [47–49]. Physical manipulation of calcium oscillations facilitates osteodiﬀerentiation of human mesenchymal stem cells
(hMSCs). Although it is becoming increasingly clear that Ca2+ signaling
is a regulated mechanism, to our knowledge no study has reported the
role of Ca2+ regulated by HIF signaling in bone regeneration. As an
increasing amount of research eﬀort has recently focused on bone regeneration, studies of the Ca2+ oscillations in MG63 cells would be
timely. In general, Ca2+ signals are mediated by diﬀerent pathways.
Recently published results have indicated that the Ca2+ spikes in
10
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Fig. 10. IOX2 and FG4592 protected MG63 against low-serum-induced cell apoptosis. (A) Cell apoptosis was detected by a ﬂow cytometer. The MG63 cells were
incubated with (a) 10% FBS (control), (b) 1% FBS, (c) 1% FBS + IOX2 (10 μM) for 24 h, (d) 1% FBS + IOX2 (30 μM) for 24 h, (e) 1% FBS + FG4592 (10 μM) for 24 h,
(f) 1% FBS + FG4592 (30 μM) for 24 h. (B) Statistical analysis of the apoptotic cell percentage. The data are presented as mean ± SD of three independent
experiments. All data in the ﬁgures represent the mean value ± SD., *P < 0.05, **P < 0.01 vs. group (a).

Authors' roles

changes of Ca2+.
As a type of free radical, ROS can cause oxidative damage in cells
and induce apoptosis. The results found that ROS level did not increase
in the cells in 24 h. Confocal microscopy experiments showed that ROS
increased slowly without treatment. The ROS level immediately decreased after the IOX2 and FG4592 were added and then continued to
be cleared. This suggests that IOX2 and FG4592 might inhibit the
production of ROS.
To explore the interaction between Ca2+, NO and ROS, we used the
low-serum-cultured cells to text the changes of them. We found that low
serum could induce MG63 cells apoptosis. IOX2 and FG4592 could
protect MG63 against low serum-induced cell apoptosis. Combining
with the levels of Ca2+, NO and ROS, we found that the levels of Ca2+,
NO and ROS increased in low serum medium compared with normal
group. However, the concentration of Ca2+, NO increased after HIF
inducers treatment, the concentration of ROS decreased. Therefore, we
could boldly speculate that the apoptosis induced by low serum mainly
caused by the increase of ROS. The cell damage caused by elevated
concentration of Ca2+ and NO was not found in our experiment. When
fracture occurs, the increase of Ca2+, NO levels play a critical role in
osteoblastic diﬀerentiation, cell proliferation, migration [48,49]. Upregulation of HIF can reduce ROS damage while maintaining high
concentration of Ca2+, NO. So it was a very eﬀective way to explore
fracture healing process by regulating HIF pathway.
Our results showed that the two drugs promoted the accumulation
of HIF and regulated the expression of a series of proteins. Among them,
these proteins were related to the intracellular levels of Ca2+, NO and
ROS, which would further aﬀect cell metabolism, proliferation and
diﬀerentiation. Therefore, analyzing the levels of Ca2+, NO and ROS
constituted a new way to study the regulatory action of HIF on bone
growth. These results provided novel ideas for fracture treatment and
deserved further study.
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