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A B S T R A C T   

We has synthesized the biocompatible gelatin reduced graphene oxide (GOG) in previous research, and in this 
study we would further evaluate its effects on bone remodeling in the aspects of osteoclastogenesis and angio-
genesis so as to verify its impact on accelerating orthodontic tooth movement. The mouse orthodontic tooth 
movement (OTM) model tests in vivo showed that the tooth movement was accelerated in the GOG local injection 
group with more osteoclastic bone resorption and neovascularization compared with the PBS injection group. 
The analysis on the degradation of GOG in bone marrow stromal stem cells (BMSCs) illustrated its good 
biocompatibility in vitro and the accumulation of GOG in spleen after local injection of GOG around the teeth in 
OTM model in vivo also didn’t influence the survival and life of animals. The co-culture of BMSCs with he-
matopoietic stem cells (HSCs) or human umbilical vein endothelial cells (HUVECs) in transwell chamber systems 
were constructed to test the effects of GOG stimulated BMSCs on osteoclastogenesis and angiogenesis in vitro. 
With the GOG stimulated BMSCs co-culture in upper chamber of transwell, the HSCs in lower chamber man-
ifested the enhanced osteoclastogenesis. Meanwhile, the co-culture of GOG stimulated BMSCs with HUVECs 
showed a promotive effect on the angiogenic ability of HUVECs. The mechanism analysis on the biofunctions of 
the GOG stimulated BMSCs illustrated the important regulatory effects of PERK pathway on osteoclastogenesis 
and angiogenesis. All the results showed the biosecurity of GOG and the biological functions of GOG stimulated 
BMSCs in accelerating bone remodeling and tooth movement.   

1. Introduction 

Orthodontics has made great progress in clinical and technical as-
pects, which makes it possible to obtain satisfactory therapeutic effects. 
The applications of digital diagnosis and treatment stimulation system 
make the clinical operation more convenient and efficient, but the un-
derlying physiological basis of orthodontic treatment hasn’t been 
changed, which would not shorten the orthodontic treatment course 
significantly. In the current treatment techniques available in our clinic, 
the less destructive corticotomy surgery has replaced osteotomy as the 

preferred scheme to accelerate tooth movement for shortening treat-
ment course [1]. The procedure is just involved with the perforation of 
the bone cortex and non-intrusion into the medulla, which arouses the 
regional acceleratory phenomenon (RAP) with active demineralization 
and re-mineralization of alveolar bone resulting in the increased bone 
remodeling [2]. Similar with the histological observation in cortical 
incision surgery, other researches on the nonsurgical interventions such 
as resonance vibration [3], laser irradiation [4], continuous injection of 
PTH [5], pulsed electromagnetic fields [6] and electric currents [7], also 
showed that these methods could accelerate orthodontic tooth 
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movement through stimulating bone remodeling. These researches 
manifested the pivotal role of bone remodeling in the acceleration of 
orthodontic tooth movement. 

During orthodontic treatment, the primary rate-limiting factor for 
tooth movement is bone resorption in the interface between the alveolar 
bone and periodontal ligament (PDL) in the compressive side of the force 

stimulated teeth. Bone modeling as the un-coupled process of bone 
resorption and formation causes the changes of the shape, position and 
size of the bone [8]. Meanwhile, bone remodeling as a tightly coupled 
process is consists of the reversal phase and bone formation phase after 
the bone resorption in the same local position, which results in the bone 
turnover through replacing old bone with new bone [9]. Both of the 

Fig. 1. Schematic diagram of the orthodontic treatment physiological basis and regional acceleratory phenomenon (RAP), GOG local injection promoted the or-
thodontic tooth movement in vivo. (a) Under the stress stimulation, the tooth moves in the force direction with bone modeling (indicated in solid box) and remodeling 
(indicated in dotted box). The compression and tension sides of the tooth root illustrate the different locations of the bone resorption and formation activities. The 
osteoblast/osteoclast progenitors and vascular tissues compose the physiological basis, which response to the compress/tense force and interact with each other 
forming the processes of bone modeling and remodeling. (b) With the stimulus such as hypoxia, trauma and drugs treatment, the bone remodeling would be 
accelerated with active osteoblastogenesis, osteoclastogenesis and angiogenesis. The BMSCs as the osteoblast progenitor play a pivotal role in response to the external 
stimulus and regulate the osteoclastogenesis and angiogenesis. Meanwhile, the angiogenesis also favor the osteoblastogenesis and osteoclastogenesis with providing 
the well-organized vascular network and recruitment of osteoblast/osteoclast progenitors. (c) Schematic diagram illustrated the brief synthetic process of GOG. (d) 
The SEM image of GOG showed the surface morphology, bar: 800 nm. (e) Micro-CT analysis showed that the local injection of GOG around the maxillary left first 
molar could accelerate the tooth movement compared with the control group with PBS injection. (f) The quantitative analysis of the tooth movement distance in both 
GOG and PBS injection groups. *p < 0.05 indicates significant difference compared to PBS group. 
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bone modeling and remodeling are involved with the cellular activities 
of osteoblastogenesis, osteoclastogenesis and angiogenesis in the activ-
ity areas (Fig. 1a), which act as the determinants for the rate of ortho-
dontic tooth movement [10]. The bone resorption as the rate-limiting 
factor for tooth movement, is determined by the number and function of 
osteoclasts. The differentiation and maturation of osteoclast progenitors 
are regulated by the protein factors that were secreted by stromal and 
osteoblastic cells. Among the biological molecules, the macrophage 
colony-stimulating factor (M-CSF) functions as the important factor for 
the recruitments and differentiation of osteoclast progenitors [11]. 
Meanwhile, the ratio of receptor activator of nuclear factor kappa B 
ligand (RANKL) to osteoprotegerin (OPG) secreted by stromal and 
osteoblastic cells and the expression of the receptor activator of nuclear 
factor kappa B (RANK) in osteoclast progenitors play a crucial deter-
minative roles in the differentiation and function maturation of osteo-
clast progenitors [12]. The expressions of vascular endothelial growth 
factor (VEGF) and its receptor VEGFR were detected in the stromal and 
osteoblastic cells, which could induce the RANKL expression via the 
autocrine regulatory effect of VEGF [13]. In the corticotomy procedures, 
the disturbed vascular network caused the local hypoxic microenvi-
ronment and the increased expressions of hypoxia inducible factor (HIF) 
in stromal and osteoblastic cells resulted in the up-regulation of VEGF 
and RANKL, which further induced the differentiation of osteoclast 
progenitors into functional osteoclasts [14]. The histological observa-
tions also showed the more obvious bone resorption and bone formation 
around the newly formed vascular plexus due to the increased expres-
sion of VEGF in the corticotomy treatment [15]. Meanwhile, the 
inflammation cytokines, including IL-1β, IL-6 and TNF-α, could promote 
the differentiation and function maturation of osteoclast, which acti-
vated the bone remodeling and accelerated the orthodontic tooth 
movement [16–18]. These previous researches showed the closely 
interaction among the osteoblastogenesis, osteoclastogenesis and 
angiogenesis processes in the bone remodeling during the orthodontic 
tooth movement. 

Under the local hypoxic microenvironment induced by the cortico-
tomy, the reactive oxygen species (ROS) usually accumulates to affect 
the cellular functions resulting in the altered bone remodeling. The 
endoplasmic reticulum (ER), as an organelle responsible for protein 
synthesis and modification, usually plays an important regulatory effects 
on cellular behavior and fate under different conditions. Various stimuli 
including oxidative stress, calcium depletion and nutrition deprivation, 
usually disturb the cellular homeostasis and cause the accumulation of 
unfolded or misfolded proteins in the ER cavity, which leads to ER stress 
[19]. The unfolded protein response (UPR) would be induced by ER 
stress to alleviate the imbalance between the unfold proteins and the 
capacity of ER on protein synthesis and modification, in which the 
double-stranded RNA-dependent protein kinase-like ER kinase (PERK) 
signal pathway plays a pivotal regulative effect on the cellular response 
to ER stress during UPR [20]. Eukaryotic initiation factor 2α (eIF2α), as 
the downstream protein factor of PERK pathway, its phosphorylation by 
activated PERK would further influence the mRNA translation and 
protein synthesis under the stimuli [21]. Through the UPR regulation on 
the cellular behavior, the differentiation and function of the related 
progenitor cells with ER stress would adapt to another appropriate states 
for attainment of the new homeostasis, which would result in an more 
active bone remodeling during the corticotomy. These indicate that the 
ER stress caused by stimuli, like hypoxia and reactive oxygen species in 
corticotomy, maybe has an important regulatory effects on the cellular 
behavior in the bone remodeling, which would induce the regional 
acceleratory phenomenon (RAP) and accelerate the orthodontic tooth 
movement. 

The pluripotent stem cells that reside in the alveolar bone marrow, 
periodontal ligament and periosteum, usually function as the regulatory 
cells in bone remodeling and influence the rate of orthodontic tooth 
movement. Bone marrow stromal stem cells (BMSCs) has been reported 
to express multiple intra- and extra-cellular molecules, including VEGF, 

surviving p21, caspases and others, and these signaling molecules have 
the pro-survival and pro-angiogenic effects on the BMSCs themselves 
and other cells under the hypoxic conditions [22,23]. Meanwhile, the 
inflammatory cytokines, including TGF-β, IL-1β and TNF-α, could stim-
ulate BMSCs to secret VEGF [24], which would directly reverse-act on 
BMSCs to express the chemotactic factors neurohilin1/2 for the 
recruitment of osteoprogenitor cells [25]. Besides, as the osteoblast 
progenitors, BMSCs also secret the related protein molecules to regulate 
the differentiation of osteoclast progenitors. Overall, under the me-
chanical, hypoxic and inflammatory conditions during orthodontic 
treatment or corticotomy surgery, the BMSCs could response to the 
stimuli so as to regulate their own cell fate and also affect the recruit-
ment of other progenitors for osteoblastogenesis, osteoclastogenesis and 
angiogenesis, which would determine the activity level of bone 
remodeling and the rate of tooth movement (Fig. 1b). The hematopoietic 
stem cells (HSCs) that reside alongside the bone marrow cavity, as the 
primary osteoclast progenitors, could give rise to the bone marrow 
derived macrophage (BMMs) and further differentiate into the mature 
and functional osteoclast [26]. The differentiation of BMMs in different 
microenvironment involves the M1/M2 polarization and the imbalance 
of the polarization would influence its osteoclastic differentiation. The 
previous researches reported that the M2 polarization of BMMs would 
enhance the mature osteoclast differentiation [27], and the elevated ER 
stress could promote the M2 polarization of macrophage [28]. Mean-
while, calcium oscillation induced by RANKL was also reported as a key 
factor to osteoclast differentiation [29] and the ER stress usually 
involved the calcium transfer due to the role of ER as intracellular cal-
cium pool [30]. Besides, the calcium signaling also control the growth 
and differentiation of BMSCs, and related downstream signaling path-
ways can be activated through the release of Ca2+ from endoplasmic 
reticulum to elicit its regulatory effects on BMSCs differentiation [31]. 
During the ER stress, the efflux of Ca2+ from endoplasmic reticulum 
would function as an important regulative signaling on the cellular be-
haviors, and the UPR induced by ER stress also could promote the 
RANKL expression in primary osteoblastic progenitors [32]. All the 
previous reports suggest some potential correlations among the ER 
stress, osteoblastogenesis and osteoclastogenesis. In a view of all the 
cellular activities during the bone remodeling, we hypothesize that 
BMSCs as the most critical candidate for active functional cell has an 
important regulatory effects on the osteoblastogenesis, osteoclasto-
genesis and angiogenesis during bone remodeling activation. 

Graphene based materials as novel nanosheet biomaterials has po-
tential applications in many biomedical fields [33], and the hypoxia 
stimulation induced by reduced graphene oxide could promote the 
angiogenic differentiation of mesenchymal stem cells [34] and accel-
erate the bone tissue regeneration repair [35]. In our previous study, we 
have prepared and characterized the gelatin reduced graphene oxide 
(GOG). The study on its biological properties showed that GOG had a 
good biocompatibility and could synergistically promote osteogenesis of 
bone marrow stromal stem cells (BMSCs) with delivery of 
pro-osteogenic drugs [36]. Besides, the hydrogel composite reinforced 
with GOG could promote bidirectional osteogenic/angiogenic differen-
tiation of BMSCs through the reactive oxygen species (ROS) stimulation 
due to the hypoxic microenvironment caused by GOG [37]. All these 
previous studies on GOG suggest that graphene materials could induce 
the local hypoxic microenvironment with appropriate dose application, 
which indicates its potential application in triggering the regional 
acceleratory phenomenon (RAP) with the positive regulatory effect on 
bone remodeling and orthodontic tooth movement. Hence, whether the 
local application of GOG could accelerate the orthodontic tooth move-
ment and whether the BMSCs indeed play an pivotal regulatory effects 
on promotion of the osteoblastogenesis, osteoclastogenesis and angio-
genesis during the GOG stimulation are the scientific questions worthy 
of detailed explorations. Meanwhile, the potential relevant mechanism 
underlying this graphene application strategy for accelerating ortho-
dontic tooth movement is also needed to be clarified in details so as to 
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provide a reference for further application of the novel biomaterials in 
orthodontic treatment. 

In this study, we evaluated the effects of GOG on bone remodeling 
and verify the promotive effect of GOG on the acceleration of tooth 
movement in vivo. Meanwhile, the in vitro observation on the sub- 
cellular location of GOG in BMSCs showed its adjacent distribution 
with ER, and this spatial location proximity indicated that the PERK 
signal pathway may play a potential role in the regulatory effects of the 
GOG stimulated BMSCs on the osteoblastogenesis, osteoclastogenesis 
and angiogenesis in the UPR. The aggregation of GOG in the spleen and 
the activation of monocyte/macrophages in the marginal zone and red 
pulp showed the regulatory effect of GOG on the genesis of the osteoclast 
progenitors in vivo. Subsequently, we further investigated the biological 
effects of the GOG stimulated BMSCs on the osteoclastogenesis of HSCs 
and the angiogenesis of HUVECs in vitro. We also evaluated the detailed 
osteoclastogenesis of HSCs in the aspects of the BMMs differentiation 
and its further M1/M2 polarization. The angiogenesis of HUVECs was 
analyzed to clarify the pro-angiogenic effect of the GOG stimulated 
BMSCs. The mechanism analysis on the biofunctions of the GOG stim-
ulated BMSCs illustrated the important regulatory effects of PERK 
pathway on the osteoblastogenesis, osteoclastogenesis and angiogen-
esis, in which the endoplasmic reticulum (ER) stress caused by GOG in 
BMSCs induced the unfold protein response (UPR) and activated PERK 
pathway to elicit its further regulatory effects on bone remodeling. 
Combining the results of the orthodontic tooth movement model in vivo 
and the co-culture of GOG stimulated BMSCs with HSCs or HUVECs in 
vitro, we first proposed the promised application of GOG in the accel-
eration of orthodontic tooth movement. This research would provide a 
novel biomaterials choice for inducing the RAP with promoting bone 
remodeling, and these results also expanded the application field of GOG 
in the field of oral medicine. 

2. Materials and methods 

2.1. Preparation of gelatin reduced graphene oxide 

The graphene oxide was reduced by the gelatin to obtain the gelatin 
reduced graphene oxide (GOG) as our previous description [37]. The 
characterization of GOG was conducted by scanning electron micro-
scope (SEM) to detect the surface morphology of GOG. 

2.2. Local injection of GOG in the mouse orthodontic tooth movement 
(OTM) model 

The 8-weeks-old C57BL/6 mice were anaesthetized with 1% chloral 
hydrate intraperitoneal injection (0.4 mL/10 g weight). Nickel titanium 
tension springs (Tomy, Japan) were used to offer 20 g force to the 
maxillary left first molar by stainless steel ligation wire fixation, and the 
front end was fixed on the maxillary incisor using a resin ball. After 
establishing the OTM model, the 20 μL 10 mg/mL GOG solution was 
immediately applied through buccal submucous local injection around 
the maxillary left first molar as the experimental group, and phosphate 
buffer saline (PBS) solution injection served as the control group. The 
intraperitoneal injection 35 mg/kg Alizarin Red S (AL) at 0 day and 30 
mg/kg Calcein (CA) at 7 day was carried out for the sequential fluo-
rescent labeling of the bone formation. Every group contained 6 mice, all 
the animal experiments were approved by the Animal Ethics and Wel-
fare Committee of Beijing Stomatological Hospital. For further verifi-
cation on the effect of PERK pathway in promoting bone remodeling in 
vivo, the co-injection of GOG with GSK2606414 (0.1 μM, a small mole-
cule compound can bind to the PERK kinase domain and inhibit PERK 
activation) was conducted to observe the changes of tooth movement 
due to the block of PERK pathway. 

2.3. Observation and histological analysis on the tooth movement 

The mice were sacrificed for sample harvest through cervical dislo-
cation after 10 days powder soft diet. The distance between the first 
molar and posterior teeth was recorded with stereomicroscope image. 
Micro-CT scan of the samples were also conducted to detect the bone 
remodeling around the teeth. The 5 μm paraffin sections were performed 
after decalcification with 10% EDTA, and the Hematoxylin-eosin (HE) 
and Tartrated resistant acid phosphatase (TRAP) stainings were con-
ducted to observe the histological differences between the different 
groups during tooth movement. The hard tissue sections were prepared 
for observation on the new bone formation labeled by sequential fluo-
rochrome, as previously described [37]. For observation on the distri-
bution of the osteoblastic marker (Runx2) and the PERK downstream 
effector protein (p-eIF2α) in vivo, the immunofluorescent staining was 
conducted so as to clarify the relationship between the osteoblastic 
differentiation and the PERK pathway. The sections were firstly depar-
affinated and treated with citric acid buffer (pH 6.0) microwave antigen 
retrieval for the subsequent antigen blocking and primary antibody in-
cubation. The Cy3-conjugated and FITC-conjugated secondary anti-
bodies were used to detect the Runx2 and p-eIF2α respectively, and the 
nucleus was stained with DAPI for further observation under the fluo-
rescent microscope. The HE staining was conducted after the immuno-
fluorescent staining of Runx2 and p-eIF2α to observe the histological 
differences among the groups. 

2.4. Isolation and culture of bone marrow mesenchymal stem cells 
(BMSCs) and hematopoietic stem cells (HSCs) 

The 6-weeks-old C57BL/6 mice were used to collect the bone 
marrow content of the femurs and tibias flushed by the Minimum 
Essential Medium α (α-MEM) culture media supplemented with 10% 
Fetal Bovine Serum and 1% Penicillin/Streptomycin. The bone marrow 
cells mixture were cultured in an incubator at 37 ◦C with 5% CO2. After 
72 h, the attached BMSCs were obtained and the fresh complete medium 
was replaced every other day for further expansion and passage of 
BMSCs. Meanwhile, after 24 h, the supernatant of the cultured bone 
marrow cells mixture were extracted and collected for isolation of the 
non-adherent HSCs according to the methods described by Maridas et al. 
[26]. The HSCs were used as the progenitor cells to obtain the adherent 
bone marrow-derived macrophages (BMMs) with M-CSF (50 ng/mL) 
induction, and the osteoclast differentiation media containing 50 ng/mL 
M-CSF and 100 ng/mL RANKL were used to induce osteoclastic differ-
entiation of BMMs for further experimental analysis. 

2.5. Sub-cellular location of GOG in BMSCs and the distribution of GOG 
in organs 

The medium containing 1 mg/mL GOG was used to culture BMSCs 
for further analysis on the location of GOG in cells. The transmission 
electron microscope (TEM) was performed to observe the location of 
GOG in BMSCs as our previous description [38]. For detailed detection 
on the spatial location relationship between GOG and endoplasmic re-
ticulum or mitochondria, the GOG was labeled with Rhodamine-6G 
(R6G) to get R6G labeled GOG as previous description [36] and the 
GOG endocytosed BMSCs were stained with ER-tracker Green (C1042S, 
Beyotime, China) or Mito-tracker Green (C1048, Beyotime, China) for 
visualization of endoplasmic reticulum or mitochondria under the 
fluorescent microscope respectively. JC-1 (40705ES03, Yeasen, China) 
was used to analysis the change of the mitochondrial membrane po-
tential due to GOG stimulus as the protocol description. When the 
mitochondrial membrane potential increases, the monomers of JC-1 
would form the polymers of JC-1 resulting in the change of fluores-
cence properties. The monomers and polymers of JC-1 can be detected 
with the emission wavelengths of 525 nm (green) and 590 nm (red) at 
the excitation wavelengths of 490 nm and 530 nm respectively. The ROS 
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detection were conducted using the ROS Assay Kit (50101ES01, Yeasen, 
China) as previous description [38]. The calcium concentration in the 
BMSCs was detected using the calcium binding dye Fluo-4 AM (S1060, 
Beyotime, China) according to the protocol of the manufacturer. 

After the buccal submucous injection of R6G labeled GOG, the mice 
were sacrificed 24 h after the OTM surgery for analysis on the distri-
bution of R6G labeled GOG in the organs. The different organ samples 
were embedded in paraffin and cut into sections for observation under 
the fluorescent microscope. Due to the aggregation of GOG was detected 
in spleen, the further observation on the spleen was conducted in details 
so as to analyze the effects of GOG on spleen biofunction. The spleen 
samples collected 24 h after GOG local injection surgery were embedded 
with tissue OCT-freeze medium for frozen sections, and the sections 
were fixed with 4% paraformaldehyde (PFA) solution for subsequent 
immunofluorescent staining on macrophage marker CD11b. The FITC- 
conjugated secondary antibody was used to detected the expression of 
CD11b (ab8878, Abcam, USA), then cytoskeleton was stained with 
Actin-Tracker Red-555 (C2203S, Beyotime, China) and nucleus was 
stained with DAPI for the final observation under the fluorescent mi-
croscope. After the fluorescent observation, the sections were counter-
stained with HE for the histological images using optical microscope. 

2.6. Evaluation about the biological effects of GOG stimulated BMSCs on 
osteoclastogenesis and angiogenesis 

The transwell co-culture of BMSCs with HSCs was used to analyze the 
pro-osteoclastogenesis effect of GOG stimulated BMSCs. The transwell 
inserts with 0.4 μm pore size of the translucent membranes were used in 
our experiments, which just allowed the communications of the proteins 
and ionic molecules without the permission of cellular migration and 
penetration. The upper chamber was seeded with BMSCs cultured with 
the GOG medium (the concentration of GOG was 1 mg/mL), and the 
HSCs were cultured in the lower chamber with M-CSF (50 ng/mL) for 
inducing BMMs differentiation of HSCs. After 4 days M-CSF induction, 
the Flow cytometry analysis was conducted to evaluate the proportion of 
BMMs in total HSCs. The osteoclast differentiation media containing 50 
ng/mL M-CSF and 100 ng/mL RANKL was replaced at day 5 in the lower 
chamber for further analysis on osteoclastic differentiation of BMMs. In 
the subsequent induction of BMMs, the M1/M2 polarization was 
detected by M1/M2 specific markers (iNOS and arginase) immunoflu-
orescent staining after 2 days of M-CSF + RANKL induction, and mature 
osteoclast differentiation was verified by TRAP staining after 6 days of 
M-CSF + RANKL induction. The calcium oscillation of BMMs was also 
detected after 2 days of M-CSF + RANKL induction. The procedure about 
flow cytometry assay, immunofluorescence assay and calcium oscilla-
tion measurement were described in details at the subsequent sections. 
The ALP staining of the BMSCs after 4 days co-culture with HSCs and M- 
CSF induction was conducted as our previous description [36]. After 10 
days of co-culture (4 days of M-CSF induction and 6 days of 
M-CSF/RANKL combination induction), the ARS staining of the BMSCs 
was also performed as our previous description [36]. 

The transwell co-culture of BMSCs with HUVECs was used to analyze 
the pro-angiogenesis effect of GOG stimulated BMSCs. The upper 
chamber was seeded with BMSCs cultured with GOG medium, and the 
HUVECs were cultured in the lower chamber for further evaluation on 
its migration, sprouting and permeability abilities. The wound healing 
test was conducted directly with the HUVECs cultured in the lower 
chamber. For further analysis on the sprouting and vascular perme-
ability of HUVECs, the HUVECs cultured in the lower chamber was 
detached by trypsin after 3 days co-culture with GOG stimulated BMSCs, 
and the pretreated HUVECs was seeded in the μ-Slide Angiogenesis 
ibiTreat microplate for sprouting assay and seeded into the transwell 
upper chamber with subsequent addition of the FITC-dextran (70 kDa, 
46945, Sigma-Aldrich, USA) for permeability evaluation. The fluores-
cent intensity of the lower chamber medium was measured using the 
fluorescence microplate reader to detect the permeability of the HUVECs 

that has been co-cultured with GOG stimulated BMSCs for 3 days. The 
details about the migration and sprouting assays were described in the 
below sections. 

For further verification on the effect of PERK pathway in promoting 
bone remodeling in vitro, the co-addition of GOG with GSK2606414 (0.1 
μM) was conducted to observe the changes of the osteoblastogenesis, 
osteoclastogenesis and angiogenesis due to the block of PERK pathway 
in BMSCs. The PERK pathway was analyzed by Western blot to detect 
the change of the relevant proteins, including PERK, p-PERK, eIF2α, p- 
eIF2α. Meanwhile, the relevant osteogenic proteins Runx2, OCN, 
osteoclastogenic proteins RANKL, OPG and pro-angiogenic protein 
VEGF were also detected to evaluate the biological effects of the GOG 
stimulated BMSCs. 

2.7. Flow cytometry analysis on the osteoclastogenesis of HSCs and 
immunofluorescence assay on the M1/M2 polarization of BMMs 

After 4 days co-culture with BMSCs and M-CSF induction, the total 
HSCs were collected from the supernatant and attached cells in the 
lower chamber. The mixture cells were suspended with antibody diluent 
and incubated with anti-CD11b and anti-F4/80 antibodies for 30 min. 
After twice washes with PBS, the samples were analyze using FACS 
Calibur system to detect the ratio of CD11b+, F4/80+ BMMs in the total 
HSCs. For further analysis on the polarization of BMMs after 2 days of M- 
CSF + RANKL induction, the attached cells in the lower chamber were 
fixed with 4% paraformaldehyde (PFA) solution for the subsequent M1 
specific marker (inducible nitric oxide synthase, iNOS) and M2 specific 
marker (arginase, ARG) immunofluorescent staining. PE-conjugated 
anti-mouse CD11b (M1/70, 12-0112-82, Invitrogen, USA) and FITC- 
conjugated anti-mouse F4/80 (BM8, 11-4801-82, Invitrogen, USA) an-
tibodies were used for the FACS analysis. Anti-iNOS (ab178945, Abcam, 
USA) and anti-ARG (ab96183, Abcam, USA) antibodies were used to 
detect the M1/M2 polarization of BMMs. 

2.8. Measurement of intracellular calcium oscillation 

The calcium oscillations were tested by the calcium binding dye 
Fluo-4 AM (S1060, Beyotime, China) according to the protocol of the 
manufacturer. After 2 days induction with osteoclast differentiation 
media containing 50 ng/mL M-CSF and 100 ng/mL RANKL, the BMMs in 
the lower chamber were washed with PBS buffers and incubated with 2 
μM Fluo-4 AM staining solution for 30 min at 37 ◦C. After the Fluo-4 AM 
probe loading, the BMMs were washed with PBS once again and incu-
bated with osteoclast differentiation media for another 30 min. The 520 
nm fluorescent intensity of the BMMs were detected with the fluores-
cence microplate reader using excitation wavelength of 488 nm, and the 
sequential detection were performed with 2 s interval for 5 min for 
analysis on calcium flux. 

2.9. Migration and sprouting assays on angiogenesis of HUVECs 

HUVECs were seeded in the low chamber with the subsequent 
scratch fabrication using the pipette tip and BMSCs were seeded in the 
upper chamber with GOG stimulation, the gaps of the HUVECs were 
observed with microscope imaging after 24 h to evaluate the migration 
ability of HUVECs. For analysis on the angiogenesis of HUVECs, after 3 
days co-culture with the GOG stimulated BMSCs, the HUVECs were 
detached using trypsin for sprouting assays. The thawed Matrigel was 
added into the lower well of the μ-Slide Angiogenesis ibiTreat micro-
plate with 10 μL per well on ice, and the microplate was transferred into 
cell culture incubator for 30 min to allow the Matrigel to solidify. The 
detached HUVECs were seeded on the Matrigel with the 4 × 103 per well 
and cultured for 4 h. The microplate was observed under optical mi-
croscope to capture the sprouting images. The number of the circle and 
nude points per field were analyzed using the NIH ImageJ 1.45 software 
as our previous description [37]. All assays were repeated three times. 
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2.10. Aortic ring assay 

The thoracic aortas were excised from 8-weeks-old SD rats and were 
cut into cross-section rings with 1 mm length as described by Zeng et al. 
[39]. The aortic rings were cultured with the DMEM medium with 10% 
Fetal Bovine Serum and 1% Penicillin/Streptomycin supplemented with 
10 ng/mL vascular endothelial growth factor (VEGF). After 24 h incu-
bation, aortic rings were fixed in the Matrigel-coated low chamber with 
incubation at 37 ◦C for 30 min to allow the Matrigel to solidify. Subse-
quently, the upper chamber of the transwell was seeded with BMSCs, 
GOG stimulated BMSCs and GOG + GSK2606414 stimulated BMSCs for 
analysis on the pro-angiogenic effects of different groups. After 5 days 
co-culture with the GOG stimulated BMSCs, the number of new sprouts 
from the aortic rings was observed with microscope image. All assays 
were repeated three times. 

2.11. Quantitative RT-PCR analysis 

The total RNA of the BMSCs after 4 days co-culture with HSCs, BMMs 
after 6 days of M-CSF + RANKL induction and HUVECs after 3 days co- 
culture with BMSCs were collected as the previous description [37]. The 
cDNA was synthesized using the NovoScript® Plus All-in-one 1st Strand 
cDNA Synthesis SuperMix (Novoprotein Scientific, China) and the 
real-time PCR was conducted using the NovoStart® SYBR qPCR Super-
Mix Plus (Novoprotein Scientific, China). The relevant osteogenic, 
osteoclastogenic and angiogenic genes were detected with 2− ΔΔCt 

methods. The primer sequences were listed in Table 1. 

2.12. Western blot analysis 

After 12 h co-culture with HSCs and M-CSF stimulation, the total 
proteins of the BMSCs under the control medium, GOG medium and 
GOG + GSK2606414 medium were collected using RIPA lysate with 
addition of phosphatase inhibitor cocktail. The protein expressions of 
PERK, p-PERK, eIF2α, p-eIF2α and Runx2 in BMSCs were tested after 12 
h co-culture with HSCs and M-CSF stimulation. The total protein of 

BMSCs were also collected after 2 days of M-CSF + RANKL induction 
and the expressions of OCN, RANKL, OPG and VEGF were measured to 
evaluate the change of BMSCs due to the GOG stimulation with BMMs 
co-culture and M-CSF + RANKL induction. The primary antibodies 
against PERK (#3192, CST, USA), p-PERK (#3179, CST, USA), eIF2α 
(#5324, CST, USA), p-eIF2α (#3398, CST, USA), Runx2 (ab23981, 
Abcam, USA), OCN (ab93876, Abcam, USA), RANKL (ab9957, Abcam, 
USA), OPG (ab183910, Abcam, USA), VEGF (ab1316, Abcam, USA) and 
β-actin (ab8227; Abcam, USA) were used in this research. The quanti-
tative evaluation on the protein expression level was conducted using 
the NIH ImageJ 1.45 software with the β-actin as the internal control. 

2.13. Statistical analysis 

The statistical comparisons were performed using one-way ANOVA 
and Student–Newman–Keul (SNK) tests after the normal distribution 
and equal variance assumption test. The quantitative data were 
expressed as means ± SD, and the statistical analysis was performed 
with SAS 8.2 statistical software package (Cary, USA). The differences 
were considered statistically significant at the confidence levels above 
95% (*p < 0.05). 

3. Results and discussions 

3.1. The acceleration of tooth movement induced by GOG local injection 
in vivo 

The synthetic process of the gelatin reduced graphene oxide (GOG) 
was briefly indicated as the schematic diagram (Fig. 1c). The SEM image 
of GOG showed its surface topography (Fig. 1d) and the detailed char-
acterization of GOG had been reported in our previous research [36]. 
After local injection of GOG solution around the maxillary left first 
molar that was ligated with tension springs in the mouse orthodontic 
tooth movement model, the micro-CT analysis on the tooth movement 
showed that the injection of GOG can accelerate the speed of the tooth 
movement (Fig. 1e). The distance between the maxillary first molar and 
its posterior teeth was increased in the GOG local injection group 
compared with the PBS control group (Fig. 1f) after 10 days of ortho-
dontic treatment. 

The section images of the micro-CT (Fig. 2a) showed the wider low 
density periodontal membrane image (white arrow indicates the posi-
tions) in the root mesial side of the GOG injection group. The un- 
resorption of the alveolar bone were detected in the PBS injection 
group (yellow arrow indicates the positions), which limited the tooth 
movement under the stress stimulus. The periodontal membrane image 
of the root distal side (white triangle indicates the positions) also 
showed a difference in the bone density, the low density new bone image 
can be detected in the GOG injection group which showed a rapid 
osteogenesis. The line profile of the gray values (Fig. 2b) also showed 
that the GOG injection group had a more wider mesial periodontal 
membrane image (red dotted line indicates the positions) and narrower 
distal periodontal membrane image (green dotted line indicates the 
positions) compared with the PBS injection group. Through the above 
radiographic observation on the rapid bone resorption and tooth 
movement acceleration in GOG group, we could speculate that the bone 
remodeling was accelerated due to the GOG local injection. The histo-
logical sections showed the detailed changes around the root. The TRAP 
staining (Fig. 2c) presented the more osteoclasts around the compression 
side of first molar roots and the more new bone formations were also 
observed around the interradicular septa between the mesial and distal 
buccal roots of first molar at the sequential fluorescence labeling images 
(Fig. 2d), which showed the more active bone remodeling in the GOG 
injection group compared with PBS group. The quantitative analysis of 
the fluorochrome stained bone (Fig. 2e) showed that the more new bone 
formation activities were labeled by AL and CA. The magnified field of 
TRAP staining (Fig. 2f) showed that the more osteoclasts were detected 

Table 1 
The primer sequences of the genes detected in this study.  

Gene Forward and reverse sequences (5′ to 3′) 

mGAPDH-F TGAGGCCGGTGCTGAGTATGTCG 
mGAPDH-R CCACAGTCTTCTGGGTGGCAGTG 
mALP-F TGCCTACTTGTGTGGCGTGAA 
mALP-R TCACCCGAGTGGTAGTCACAATG 
mRunx2-F CACTGGCGGTGCAACAAGA 
mRunx2-R TTTCATAACAGCGGAGGCATTTC 
mCol1-F ATGCCGCGACCTCAAGATG 
mCol1-R TGAGGCACAGACGGCTGAGTA 
mOcn-F AGCAGCTTGGCCCAGACCTA 
mOcn-R TAGCGCCGGAGTCTGTTCACTAC 
mRANKL-F ACCAGCATCAAAATCCCAAG 
mRANKL-R TTTGAAAGCCCCAAAGTACG 
mOPG-F GTTCTTGCACAGCTTCACCA 
mOPG-R AAACAGCCCAGTGACCATTC 
mVEGF-F ACGCATTCCCGGGCAGGTGAC 
mVEGF-G TCTTCCGGGCTTGGCGATTTAG 
mTRAP-F TGGTCATTTCTTTGGGGCTTATCT 
mTRAP-R GCTACTTGCGGTTTCACTATGGA 
mCTSK-F TGACCACTGCCTTCCAATAC 
mCTSK-R CTCTGTACCCTCTGCATTTAG 
mRANK-F GTCTGCAGCTCTTCCCTGAC 
mRANK-R GAGGAGCAGGACGATGAGAC 
mMMP9-F CGTGTCTGGAGATTCGACTTGA 
mMMP9-R TTGGAAACTCACACGCCAGA 
β-actin-F CCTTCCTGGGCATGGAGTCCTG 
β-actin-R GGAGCAATGATCTTGATCTTC 
vWF-F CCCCTGAAGCCCCTCCTCCTA 
vWF-R ACGAACGCCACATCCAGAACC 
CD31-F CAACGAGAAAATGTCAGA 
CD31-R GGAGCCTTCCGTTCTAGAGT  
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in the compression side of the GOG group (triangle indicates the oste-
oclasts, yellow dotted line showed the bone resorption border) and the 
new bone formation was also more obvious in the tension side of the 
GOG group (yellow dotted line showed the border between the new 

bone formation and old bone structure). Meanwhile, the more blood 
vessels were detected around the bone resorption and bone formation 
sites (white arrow indicates the positions), which indicated the pivotal 
role of vascular network in active bone remodeling. Consistent with the 

Fig. 2. The micro-CT and histological examination on the orthodontic tooth movement in vivo showed the more active bone remodeling in GOG injection group. (a) 
The sagittal and transversal sections of the micro-CT showed the changes of the alveolar bone around the tooth. White arrow indicates the mesial periodontal 
membrane image which represents the activity of bone resorption and yellow arrow shows the delayed bone resorption in PBS group, white triangle indicates the 
distal periodontal membrane image which represents the activity of bone formation, bar: 500 μm. (b) The line profile of the gray values in the sagittal sections. The 
red and green dotted line indicates the mesial and distal periodontal membrane width of the root respectively. (c) The TRAP staining of the sections showed the more 
detected osteoclast activities (the purple stained position indicates the mature osteoclast) in GOG group compared with PBS group, bar: 500 μm. (d) The sequential 
fluorescence labeling images showed the activity level of the new bone formation, which was labeled through the intraperitoneal injection Alizarin Red S (AL) at 
0 day and Calcein (CA) at 7 day after the establishment of OTM model, bar: 400 μm. (e) The quantitative analysis of the fluorochrome stained bone showed the 
increased bone formation in GOG group compared with PBS injection groups. *p < 0.05 indicates significant difference compared to PBS group. (f) The magnified 
field of the TRAP staining showed the detailed bone formation and resorption activities. The white arrow indicates the blood vessels and triangle indicates the mature 
osteoclast, yellow dotted line indicates the border between the new bone formation/bone resorption and the old bone structure, bar: 100 μm. (g) The HE staining also 
showed the similar condition of bone remodeling (bone formation, bone resorption and angiogenesis). The white arrow indicates the blood vessels, bar: 100 μm. 
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TRAP results, the HE staining (Fig. 2g) illustrated the similar bone 
resorption and formation status around the root, which also showed the 
more blood vessels (white arrow indicates the positions) in the GOG 
group compared with the PBS control group. Meanwhile, the osteoclast 
induced bone resorption and osteoblast induced bone formation were 
also more detected around the blood vessels in the GOG injection group. 
All the results indicated that the bone remodeling in the GOG treated 
group was accelerated with promoted osteoblasto-/osteoclasto-genesis 
and angiogenesis. 

3.2. The sub-cellular location of GOG in BMSCs and the aggregation of 
GOG in spleen 

The TEM observation of the distribution of GOG in the BMSCs after 
culturing by GOG medium with different times (Fig. 3a) showed that the 

GOG was located around the endoplasmic reticulum and mitochondria 
(white arrow indicates the location of GOG), and the degradation of the 
GOG was observed as the small short residue chains (white triangle in-
dicates the degraded fragments). The degradation fragments of GOG 
observed in our report was similar to the morphological character of the 
Nitric Oxide (NO)-dependent biodegradation of graphene oxide (GO) 
described by Peng et al. [40], which indicated the good biodegradation 
of GOG in BMSCs. The ER-tracker Green staining results (Fig. 3b) 
showed that the GOG was located around the endoplasmic reticulum, 
which indicated its influence on ER stress and induction of the unfolded 
protein response (UPR). The Mito-tracker Green staining (Fig. 3b) also 
showed the adjacent distribution of GOG with mitochondria, the near 
location relationship would arise the integrated stress response to 
regulate the cell functional status [41]. The differentiation of BMSCs 
need a high energy consumption, and the activity of the mitochondria 

Fig. 3. The sub-cellular location of GOG in BMSCs and its probable regulatory mechanism in vitro. (a) The TEM images showed the distribution of GOG in BMSCs 
after different treatment times, the white arrow indicates the near location of GOG with endoplasmic reticulum and mitochondria, white triangle indicates the 
degraded fragments of GOG. (b) The ER-tracker Green and Mito-tracker Green staining showed the co-location of the R6G labeled GOG with the endoplasmic re-
ticulum and mitochondria, bar: 50 μm. (c) The BMSCs cultured with control medium and GOG medium were stained by JC-1, the polymeric JC-1 was detected as red 
signal due to the high mitochondrial membrane potential and the monomeric JC-1 was detected as green signal in the ordinary mitochondrial membrane potential, 
bar: 200 μm. (d) The quantitative analysis of the red/green fluorescence intensity showed the ratio of polymeric to monomeric JC-1 under different culture media. *p 
< 0.05 indicates significant difference compared to the control group. (e) The ROS level detected by DCFH-DA fluorescent probe was observed under the fluorescent 
microscope, the fluorescent intensity represent the intracellular ROS level, bar: 200 μm. (f) The quantitative analysis of the calcium ion fluorescent intensity detected 
using the Fluo-4 AM probe showed the increased calcium concentration in GOG stimulated BMSCs compared with the normal control group. *p < 0.05 indicates 
significant difference compared to the control group. (g) The schematic diagram presents the sub-cellular location of GOG in BMSCs and its probable mechanism on 
regulating cellular behaviors. 
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plays an important supportive role in the BMSCs osteogenesis. The JC-1 
dye was used to stain the BMSCs under different culture medium 
(Fig. 3c), the GOG medium treated BMSCs showed an increase of the 
polymeric JC-1 (which was detected as red signal due to high mito-
chondrial membrane potential), which indicated that the mitochondrial 
membrane potential increased with the stimulation of GOG and the 
BMSCs had a high mitochondrial activity so as to maintain its endocy-
tosis the degradation of GOG for its further differentiation and regula-
tion activities. The ratio of polymeric to monomeric JC-1 (which was 
detected as green signal under the normal mitochondrial membrane 
potential) (Fig. 3d) also showed the increased mitochondrial activity 
due to GOG stimulus. 

The intracellular ROS level detection (Fig. 3e) showed an increased 

fluorescent intensity in the GOG stimulated BMSCs, which indicated that 
the mitochondrial stress induced by GOG proximity effect would cause 
the integrated stress response for further regulation on cellular behav-
iors. Meanwhile, the quantitative analysis on the fluorescent intensity of 
the calcium ion concentration in BMSCs showed an about 80% increase 
in GOG stimulated BMSCs compared with the BMSCs cultured with 
normal medium (Fig. 3f). The increased calcium ion detected in cyto-
plasm maybe derive from the calcium external-flow from the calcium 
pool (endoplasmic reticulum) due to the ER stress, which would has an 
regulatory effects on the growth and differentiation through influencing 
the expression level of transcription related genes [42,43]. During the 
UPR caused by ER stress and the integrated stress response caused by 
mitochondrial stress, the phosphorylation of eukaryotic translation 

Fig. 4. The distribution of GOG in spleen and its effect on the monocyte/macrophages activation after local injection in vivo. (a) The sections of different organs 
showed the aggregation of GOG in spleen, bar: 200 μm. (b) The scheme showed the spleen structure and the distribution of GOG in the spleen, and the different 
monocyte/macrophages located in different sites of the spleen. (c) The enlarged white pulp with low density of β-actin staining was observed in the GOG injection 
group, and the CD11b immunofluorescent staining showed the more active monocyte/macrophages detected in the marginal zone and red pulp of the spleen in the 
GOG injection group (40 X, bar: 500 μm). In the magnified images, the yellow dot circle showed the white pulp and the yellow dot line showed the border of the 
marginal zone in the PBS control group; the blue dot circle showed the marginal zone border and the blue dot line showed the white pulp range (80×, bar: 200 μm). 
(d) The magnified image of the GOG aggregation in spleen, bar: 100 μm. (e) The magnified details showed the enlarged white pulp of spleen in the GOG injection 
group, and the CD11b immunofluorescent staining showed the more active macrophages detected in the white pulp and marginal zone of the spleen in the GOG 
injection group, meanwhile, the CD11b was also high-expressed in red pulp of the GOG group, bar: 150 μm. 
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initiation factor 2α (eIF2α) can be activated by PERK so as to alleviate 
the diverse cellular stresses, and the subsequent regulation on the rele-
vant effector proteins would affect the cellular behaviors under the 
stress stimulus [20,41]. The schematic diagram (Fig. 3g) sketched the 
possible mechanism of GOG stimulation on the cellular functions of 
BMSCs. So, in the subsequent experiments we would use the PERK in-
hibitor GSK2606414 to further clarify the specific regulatory mecha-
nism of GOG on the cellular behaviors. 

The sections of the different organs (Fig. 4a) showed that the R6G 
labeled GOG (R6G@GOG) was mainly detected in the spleen after 1 day 
of local injection around the maxillary left first molar. The scheme 
(Fig. 4b) showed the distributions of GOG and macrophages in the 
spleen. The further analysis on the spleen structure change (Fig. 4c) after 
GOG injection showed that the white pulp (β-actin staining of white pulp 
showed a relative low density compared with red pulp) was enlarged, 
and the more activated monocyte/macrophages (CD11b immunofluo-
rescence staining was positive) was detected in the marginal zone and 
red pulp of the spleen compared to the PBS control group. The magnified 
images (Fig. 4d) showed the detailed location of R6G@GOG in the 
spleen, it mainly distributed in the marginal zone and red pulp of the 
spleen. The CD11b immunofluorescence staining (Fig. 4e) showed that 
GOG local injection group had more activated macrophages in the white 
pulp and marginal zone, and the macrophages in red pulp also showed 
an high expression of CD11b protein marker. The different distribution 
of the CD11b+ macrophages between the PBS and GOG injection groups 
illustrated that the marginal zone maybe was the important interaction 
site between the monocyte/macrophages and the graphene materials, 
which was conformed with the functional orientation of marginal zone 
as the innate immune response sites for bridging the innate and adaptive 
immune system [44]. All the above results illustrated that the GOG local 
application had an systemic promotive effect on the mono-
cyte/macrophages activation in spleen, which might account for the 
observed regional acceleratory phenomenon (RAP) with accelerated 
bone remodeling in GOG local injection OTM model in vivo. Our this 
speculation about the promotive effect of the GOG induced mono-
cyte/macrophages activation on bone remodeling was consistent to the 
previous report about the pivotal role of the monocyte/macrophage 
lineage cells in bone remodeling described by Yahara et al. [45]. Similar 
with our observation on the aggregation of GOG in spleen, the splenic 
capture and the biodegradation of graphene oxide (GO) nanosheet was 
also reported by Newman et al. recently [46]. Meanwhile, they also 
observed the distribution of GO in marginal zone of spleen. In our 
research, the GOG initiated innate immune response (mono-
cyte/macrophages activation) in marginal zone of spleen had realized 
the remote regulation on alveolar bone remodeling, and this phenome 
would inspirate us to explore the underlying specific immunomodula-
tory mechanism and also provides us an promised immune-mediated 
strategy for the acceleration of bone remodeling. 

3.3. The enhanced osteoclastogenesis of HSCs induced by co-culture with 
GOG stimulated BMSCs and the effects of PERK pathway on the functions 
of BMSCs 

To investigate the effects of the GOG stimulated BMSCs on the 
osteoclastogenesis of HSCs, the co-culture system was designed for 
detection on the BMMs differentiation of HSCs with M-CSF induction 
and subsequent osteoclast differentiation of BMMs with M-CSF/RANKL 
combination induction. The schematic diagram (Fig. 5a) showed the 
induction process and the scheduled detections at different induction 
timepoints. The osteoclastogenesis of HSCs was initiated with the BMMs 
differentiation induced by 4 days of M-CSF stimulation. The FACS 
analysis on the proportion of the BMMs in HSCs after 4 days co-culture 
(Fig. 5b) showed that the GOG stimulated BMSCs could promote the 
BMMs differentiation of HSCs induced by M-CSF, which guaranteed a 
potential further differentiation of BMMs into mature osteoclast. For 
further detailed analysis on the mechanism in the osteoclastogenesis of 

BMMs, the intracellular calcium oscillation was detected after 2 days of 
M-CSF/RANKL combination induction to analyze the effects of the GOG 
stimulated BMSCs on calcium-signaling pathways, in which the changes 
of calcium oscillation could play a pivotal role in regulating the differ-
entiation of BMMs into mature osteoclast [47]. The results (Fig. 5c) 
showed that the calcium oscillations of BMMs in the GOG treated group 
was significantly increased compared with the control groups, which 
would promote the further osteoclast differentiation of BMMs induced 
by M-CSF/RANKL combination induction. Meanwhile, the osteoblastic 
differentiation of BMSCs was also detected with ALP staining after 4 
days of co-culture with HSCs induced by M-CSF and the results (Fig. 5d) 
showed an increased ALP activity in GOG stimulated BMSCs. Combining 
the detected results on the ROS activation and calcium ion concentration 
elevation (Fig. 3e and f) with the promoted osteoblastic differentiation 
of BMSCs, we deduce that the GOG initiated intracellular microenvi-
ronment change could regulate the osteoblastic differentiation of BMSCs 
under the co-culture with HSCs induced by M-CSF. Compared with our 
previous study on the osteoblastic differentiation of BMSCs under GOG 
stimulation in which the results just showed a slightly promotive effect 
of GOG on osteogenesis [36], the enhanced pro-osteogenic effect of GOG 
observed in this research might resulted from the co-culture with HSCs 
and the simultaneous M-CSF induction. Besides, the observed calcium 
concentration elevation in GOG stimulated BMSCs (Fig. 3f) might cause 
the increased calcium oscillation in BMMs through a potential inter-
cellular transmissible ER stress regulatory mechanism that was 
described as a novel perspective on tumor intercellular communication 
by Jiang et al. [48]. Meanwhile, the intercellular transmission of hepatic 
ER stress in obesity was reported as an intercellular communication 
mechanism to disrupt systemic metabolism [49], which also indicated 
that the intercellular transmissible ER stress might function as an po-
tential mechanism of the calcium oscillation translation and communi-
cation between the BMSCs and BMMs for the regulations on 
osteoblastogenesis and osteoclastogenesis. The reverse is true, too: the 
elevated calcium concentration might act as an intermediates to regu-
lated the ER stress through the potential transmissible extracellular 
vesicles or direct diffusion pathway, which would set up a communi-
cation bridge between the co-culture cells for their inter-regulation on 
osteoblasto-/osteoclasto-genesis. So, the specific relationship of the 
intercellular ER stress and calcium oscillation transmissible pathways 
between the BMSCs and BMMs needs a comprehensive exploration to 
clarify the effects of GOG on the osteoblastogenesis and osteoclasto-
genesis in the co-culture system. 

After 10 days of co-culture (4 days of M-CSF induction and 6 days of 
M-CSF/RANKL combination induction), the ARS staining of BMSCs and 
TRAP staining of the differentiated osteoclast progenitors (Fig. 5d) 
showed that the GOG stimulated group had the best osteoblastic dif-
ferentiation of BMSCs and osteoclastic differentiation of HSCs. For 
verification on the regulative effect of PERK pathway that we proposed 
in the hypothesis (Fig. 3g) about the regulatory mechanism of the GOG 
stimulated BMSCs in vitro, the PERK inhibitor GSK2606414 was added in 
the GOG medium for blocking the PERK pathway and the GOG +
GSK2606414 group showed an inhibited effect on the GOG promoted 
osteoblastic/osteoclastic differentiation (Fig. 5b, c and d). After 4 days 
co-culture with HSCs induced by M-CSF, the PCR analysis on the gene 
expression of GOG stimulated BMSCs (Fig. 5e) showed an increased 
expression of the osteoblastic genes including ALP, Runx2, Col1 and 
Ocn. Meanwhile, the gene expressions of RANKL was elevated and the 
OPG expression was decreased in GOG stimulated BMSCs resulting in an 
increased RANKL/OPG ratio, which indicated an potential promotive 
effects of GOG stimulated BMSCs on the osteoclastogenesis. Besides, the 
increased VEGF expression in the BMSCs co-cultured with HSCs indi-
cated that the GOG stimulated interaction between the osteoblastic and 
osteoclastic progenitors had a promotive regulatory effect on angio-
genesis, in which the promoted angiogenesis might further favor the 
recruitment of osteoblastic and osteoclastic progenitors. 

About the osteoclastic differentiation of BMMs, the ER stress [28] 
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Fig. 5. The GOG stimulated BMSCs promoted the osteoclastogenesis of HSCs and the inhibited PERK pathway blocked the promotive effects of GOG on osteoblastic/ 
osteoclastic differentiations. (a) The schematic diagram showed the designed induction procedure and scheduled detections at different timepoints. The HSCs were 
co-cultured with BMSCs in the transwell system for evaluation on the effects of GOG on osteoblastic and osteoclastic differentiations. The HSCs were cultured in the 
low chamber with 4 days of M-CSF (50 ng/mL) stimulus for inducing BMMs differentiation of HSCs. After 4 days M-CSF induction, the Flow cytometry analysis was 
conducted to evaluate the proportion of BMMs in total HSCs and the ALP staining was performed to evaluate the osteoblastic differentiation of BMSCs. The osteoclast 
differentiation medium containing 50 ng/mL M-CSF and 100 ng/mL RANKL was replaced at day 5 in the lower chamber for further analysis on osteoclastic dif-
ferentiation of BMMs. In the subsequent induction of BMMs, the M1/M2 polarization was detected by M1/M2 specific markers (iNOS and arginase) immunofluo-
rescent staining after 2 days of M-CSF + RANKL induction, and the calcium oscillation of BMMs was also detected after 2 days of M-CSF + RANKL induction. After 6 
days of M-CSF + RANKL induction, the mature osteoclast differentiation from BMMs was verified by TRAP staining and the osteoblastic differentiation of BMSCs was 
evaluated by ARS staining. (b) The FACS analysis on the BMMs differentiation of HSCs, the F4/80+/CD11b+ proportion of the detected cells represented the 
differentiated BMMs from HSCs. (c) The calcium ion detection using the Fluo-4 AM probe, the fluorescent intensity represent the calcium concentration and the 
sequential detection were performed with 2 s interval for 5 min for analysis on calcium oscillation of BMMs after 2 days of M-CSF + RANKL induction. (d) The ALP 
and ARS stainings of the BMSCs showed the effects of GOG on osteoblastic differentiation of BMSCs after 4 days of M-CSF induction and 6 days of M-CSF/RANKL 
combination induction respectively. TRAP staining showed the osteoclastic differentiation of BMMs after 6 days of M-CSF/RANKL combination induction. bar: 500 
μm. (e) The PCR analysis on the gene expression of BMSCs that were cultured with different media after 4 days co-culture with HSCs induced by M-CSF, the 
osteogenic genes such as ALP, Runx2, Col1 and Ocn, were up-regulated in the GOG stimulated group, the RANKL/OPG ratio and VEGF expression were also increased 
in GOG group. The PERK inhibitor GSK2606414 blocked the promotive effects of GOG on the expression of relevant genes in BMSCs. *p < 0.05 indicates significant 
difference compared to the control group. 
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and mesenchymal stem cells [50] were both reported to have a regula-
tory effect on the M1/M2 polarization of macrophages. Meanwhile, the 
inflammatory M1 macrophages had showed an inhibited effect on the 
RANKL induced osteoclastogenesis [27], and the M2 macrophages was 
reported to promote the functional osteoclast differentiation leading to 
bone loss in the postmenopausal osteoporosis [51]. Besides, the M2 

macrophages was also reported to contribute to the osteogenesis and 
angiogenesis on the nanotubular TiO2 surfaces [52]. All the previous 
researches indicate that GOG initiated ER stress in BMSCs might has a 
regulatory effects on the M1/M2 polarization of BMMs to influence the 
osteoclastogenesis and the imbalanced M1/M2 polarization also might 
has a feedback regulation on the osteoblastogenesis. For further 

Fig. 6. The M2 polarization of BMMs was induced by GOG stimulated BMSCs and PERK pathway played an important role in the regulatory effects of GOG 
stimulated BMSCs. (a) The immunofluorescent staining on the M1/M2 specific markers of BMMs after 2 days of M-CSF/RANKL combination induction showed that 
GOG stimulation could promote the M2 polarization of BMMs, and GSK2606414 could block the regulatory effect of GOG stimulated BMSCs on macrophages M1/M2 
polarization through inhibiting PERK pathway. bar: 50 μm. (b) The quantitative analysis on the fluorescent intensity of M1/M2 markers showed the diverse M1/M2 
polarization of BMMs in different treatment groups. (c) After 6 days co-culture of BMSCs and BMMs with M-CSF/RANKL combination induction, the PCR analysis on 
the BMMs showed the increased gene expression of osteoclastic proteins, including TRAP, RANK, CTSK and MMP9. *p < 0.05 indicates significant difference 
compared to the control group. (d) The Western blot analysis of the PERK, p-PERK, eIF2α, p-eIF2α and Runx2 expression in BMSCs after 12 h co-culture with HSCs 
and M-CSF induction. (e) The quantitative analysis on the intensity of the WB bands showed the activation of PERK/eIF2α pathway and the increasement of the 
osteogenic differentiation transcription factor Runx2 in BMSCs. *p < 0.05 indicates significant difference compared to the control group. (f) The expression of OCN, 
RANKL, OPG and VEGF in BMSCs were detected by WB analysis after 2 days co-culture with BMMs and M-CSF/RANKL combination induction. (g) The quantitative 
analysis on the intensity of the WB bands showed the increased osteoblastic proteins and pro-osteoclastic/pro-angiogenic proteins in the GOG stimulated BMSCs. *p 
< 0.05 indicates significant difference compared to the control group. 
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evaluation on the M1/M2 polarization of BMMs after 2 days of 
M-CSF/RANKL combination induction during the osteoclastogenesis, 
the M1/M2 specific markers were stained to analysis the change of the 
BMMs polarization due to the co-culture with GOG stimulated BMSCs, 
and the results (Fig. 6a) illustrated that the more M2-type BMMs were 
detected in the GOG stimulated BMSCs co-culture group and the 
M1-type BMMs only accounted for a small proportion in the GOG group 
compared with control group. The quantitative analysis on the fluores-
cent intensity of the M1/M2 specific markers (Fig. 6b) showed that the 
co-culture with GOG stimulated BMSCs could promote the M2 polari-
zation of BMMs. Combining with the TRAP staining results after 6 days 
of the M-CSF/RANKL induction, we concluded that the M2 polarization 
of BMMs favored the maturation of the osteoclast differentiation. The 
PCR analysis on the gene expression of the BMMs after 6 days of 
M-CSF/RANKL combination induction (Fig. 6c) showed that the 
expression of the osteoclastic genes were increased in the GOG group 
compared with the control group. All the results indicated that the 

co-culture with GOG stimulated BMSCs could promote the BMMs dif-
ferentiation from HSCs and the M2 polarization of BMMs induced by 
GOG contributed to its further mature osteoclast differentiation. 

The Western blot analysis (Fig. 6d and e) on the PERK and eIF2α in 
BMSCs after 12 h co-culture with HSCs and M-CSF stimulation showed 
that the expression of p-PERK and p-eIF2α were increased with the GOG 
stimulation and the PERK inhibitor GSK2606414 could attenuate the 
promotive effect of GOG on PERK resulting in the decreased expression 
of the relevant effector proteins located in the downstream of PERK 
pathway. After 12 h co-culture, the protein expression of Runx2 in 
BMSCs (Fig. 6d and e) was increased with the GOG stimulation and the 
GSK2606414 inhibited the Runx2 expression induced by GOG, which 
indicated that the PERK pathway played a pivotal role in regulating the 
osteoblastic differentiation of BMSCs. The OCN expression of the GOG 
stimulated BMSCs after 2 days BMMs co-culture with M-CSF/RANKL 
combination induction (Fig. 6f and g) showed the consistent detection 
pattern with Runx2, in which the GOG stimulation could increase the 

Fig. 7. The GOG stimulated BMSCs promoted the angiogenesis of HUVECs and the vascular outgrowth of aortic ring in vitro. (a) The schematic diagram showed the 
designed co-culture system for evaluation on the pro-angiogenic effect of GOG stimulated BMSCs. The upper chamber was seeded with BMSCs cultured with GOG 
medium, and the HUVECs were cultured in the lower chamber for further evaluation on its migration, sprouting and permeability abilities. The wound healing test 
was conducted directly with the HUVECs cultured in the lower chamber. For further analysis on the sprouting and vascular permeability of HUVECs, the HUVECs 
cultured in the lower chamber was detached by trypsin after 3 days co-culture with GOG stimulated BMSCs. The pretreated HUVECs was used for sprouting assay and 
permeability evaluation. The aortic rings was directly co-cultured with GOG stimulated BMSCs for 5 days to observe the number of new sprouts outgrowth from the 
aortic rings. (b) Images of the wound healing assay showed the migration of the HUVECs in different treated groups. bar: 1 mm. (c) The quantitative analysis on the 
migration distance of HUVECs. *p < 0.05 indicates significant difference compared to the control group. (d) The sprouting assay showed the HUVECs capillary tube 
formation capacity under different co-culture conditions. bar: 500 μm. (e) The quantitative analysis on the number of circle and node detected in the sprouting assay 
showed the pro-angiogenic effect of GOG stimulated BMSCs. *p < 0.05 indicates significant difference compared to the control group. (f) The quantitative analysis on 
the intensity of the penetrated FITC-dextran in the low chamber showed the permeability of the HUVECs in different groups. *p < 0.05 indicates significant difference 
compared to the control group. (g) The images of the aortic ring vascular outgrowth showed the more neogenesis of vascular vessels detected in the GOG stimulated 
BMSCs co-culture group. bar: 1 mm. (h) The PCR analysis on the HUVECs that had been co-cultured with GOG stimulated BMSCs for 3 days showed the increased 
gene expression of the vWF and CD31 angiogenic markers. *p < 0.05 indicates significant difference compared to the control group. 
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expression of OCN in BMSCs and the GSK2606414 blocked the promo-
tive effect of GOG. Besides, the Western blot detection on RANKL, OPG 
and VEGF expressions in GOG stimulated BMSCs after 2 days BMMs co- 
culture with M-CSF/RANKL combination induction (Fig. 6f and g) 
showed the same expression trend with the PCR results of the GOG 
stimulated BMSCs after 4 days HSCs co-culture with M-CSF induction 
(Fig. 5e). The quantitative analysis of the Western blot (Fig. 6e and g) 
indicated the specific expression differences of the relevant protein 
factors among the different groups. All the results showed that the PERK 
pathway played a pivotal role in the regulatory effects of the GOG 

induced cellular stress due to the near location with the endoplasmic 
reticulum and mitochondria observed in our previous description 
(Fig. 3a–c), which would influence the bone remodeling in osteo-
blastogenesis, osteoclastogenesis and angiogenesis three aspects. 

3.4. The angiogenesis of HUVECs and aortic ring assay were promoted by 
the GOG stimulated BMSCs 

For detailed investigation on the pro-angiogenic effect of GOG 
stimulated BMSCs, we also designed the co-culture system of BMSCs 

Fig. 8. The inhibited PERK pathway reversed the promotive effect of GOG on bone remodeling in vivo. (a) The observation on the tooth movement by stereo-
microscopy and TRAP staining of the paraffin sections, white arrowheads indicated the blood vessels and the mature osteoclasts around them, the green lines in 
magnified fields enclosed the region of the interradicular septa. white bar: 1 mm, yellow bar: 500 μm. (b) The quantitative analysis on the tooth movements under 
different treatments, *p < 0.05 indicates significant difference compared to the control group. (c) The quantitative analysis on the interradicular septa thickness 
under different treatments, *p < 0.05 indicates significant difference compared to the control group. (d) The immunofluorescent staining of p-eIF2α (the effector 
protein of the PERK pathway) and Runx2 (osteogenic marker) showed the adjacent expression of the proteins in the tension side of the root during the orthodontic 
tooth movement, A: Alveolar bone, R: Root, bar: 100 μm. (e) The quantitative analysis on the fluorescent intensities of the p-eIF2α and Runx2 in the different 
treatment groups, *p < 0.05 indicates significant difference compared to the control group. (f) The schematic diagram showed the promotive mechanism of the GOG 
stimulated BMSCs on bone remodeling at osteoblastic, osteoclastic and angiogenic differentiations. 
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with HUVECs, and meanwhile further conducted aortic ring assay to 
mimic the angiogenesis in vivo (Fig. 7a). Migration assay of the co- 
cultured HUVECs in the lower chamber (Fig. 7b) showed a rapid 
wound healing in the GOG stimulated BMSCs co-culture group. The 
quantitative analysis on the wound healing area (Fig. 7c) showed that 
the HUVECs had about 50% increasement of migration distance in the 
GOG stimulated BMSCs co-culture group. The sprouting assay (Fig. 7d) 
illustrated that the capacity of the capillary tube formation was 
increased in the detached HUVECs that had been co-cultured 3 days with 
the GOG stimulated BMSCs, in which the vascular tubes formed in a 
more capillary-like network. The quantitative analysis (Fig. 7e) illus-
trated that the total numbers of the capillary-like circle and branch node 
point per field were increased more than 1.5 folds in the GOG stimulated 
BMSCs co-culture group compared with the control group. The perme-
ability assay (Fig. 7f) detected more fluorescence intensity of the FITC- 
dextran in the low chamber of the transwell system in which the de-
tached HUVECs were seeded in the upper chamber after 3 days co- 
culture with the GOG stimulated BMSCs (as described in Fig. 7a), 
which indicated that the co-cultured HUVECs with GOG stimulated 
BMSCs allowed more molecules in the upper chamber penetrate into the 
low chamber. Aortic ring assay (Fig. 7g) also showed the pro-angiogenic 
effects of the GOG stimulated BMSCs, the vascular outgrowth of rat 
aortic rings was more detected in the GOG stimulated BMSCs co-culture 
group. Besides, the GOG + GSK2606414 co-stimulated BMSCs co- 
culture group showed the inhibited effect on the pro-angiogenic func-
tion of the GOG stimulated BMSCs in the migration, sprouting, perme-
ability detection assays of HUVEC and aortic ring assay, which showed 
the importance of the PERK pathway in the regulatory effects elicited by 
GOG stimulated BMSCs. The gene expression of the endothelial makers 
vWFs and CD31 in the HUVECs that were co-cultured 3 days with BMSCs 
(Fig. 7h), also showed an increasement in the GOG stimulated group and 
the co-stimulation of GOG + GSK2606414 could block the GOG stimu-
lated pro-angiogenic effect. All the above results indicated that the GOG 
stimulated BMSCs had the promotive effects on the angiogenesis of 
HUVECs and also could promote the new capillary vessel outgrowth in 
the aortic ring assay, which proved the more active angiogenesis 
induced by GOG stimulated BMSCs in vitro and indicated the promised 
pro-angiogenic effect of GOG stimulation in vivo. 

3.5. The promotive effect of GOG on tooth movement was inhibited by 
GSK2606414 with decreased bone remodeling in vivo 

For verification on the pivotal role of the PERK pathway in the GOG 
stimulated bone remodeling in vivo, we further established the GOG +
GSK2606414 co-injection OTM model to verify the function of PERK 
pathway in promoting bone remodeling. The tooth movement distance 
(Fig. 8a) was observed with the stereomicroscope and the quantitative 
analysis result (Fig. 8b) showed that the inhibited PERK pathway by 
GSK2606414 resulted in the deceleration of the tooth movement 
induced by GOG stimulation. The TRAP staining (Fig. 8a) also showed 
that the inhibited PERK pathway reversed the promotive effect of the 
GOG on tooth movement and bone remodeling. In the magnified field of 
TRAP staining, we could observe the promoted osteoclast-induced bone 
resorption and more blood vessels (the white arrowhead indicated the 
capillary blood vessels and functional osteoclast around them) in the 
GOG treated group compared with control group. Meanwhile, the 
thickness of interradicular septa (the sites indicated by green lines in 
Fig. 8a) in GOG group was decreased resulting from the active bone 
remodeling and the quantitative analysis on the thickness in different 
groups (Fig. 8c) showed that the GSK2606414 inhibited PERK pathway 
resulted in the increasement of the interradicular septa thickness. Be-
sides, the number of mature osteoclast and new blood vessels around the 
bone remodeling were also reduced in the GOG + GSK2606414 group 
compared with GOG group, which showed the inhibited effect of PERK 
inhibitor GSK2606414 on GOG induced tooth movement acceleration. 
The immunofluorescent staining of p-eIF2α (the effector protein of the 

PERK pathway) and Runx2 in the tension side of the root showed the 
adjacent expression of p-eIF2α and Runx2 (Fig. 8d), in which the more 
activated PERK pathway (more detected p-eIF2α) elicited the high 
expression of Runx2 in the GOG injection group. The GSK2606414 
inhibited the PERK activation with an decreased intensity of p-eIF2α 
resulting in the decreased expression of Runx2 in GOG + GSK2606414 
injection group (Fig. 8e). The correlative expression pattern of the p- 
eIF2α and Runx2 corroborated the results about the PERK pathway in 
vitro. Combining with the observations on the bone resorption and new 
blood vessels formation, we could deduce that the mechanism of GOG in 
vivo was consistent with the verified mechanism that we had proved in 
vitro, in which the GOG stimulation can act on the pivotal regulatory 
cells BMSCs and arise the ER stress resulting in the UPR with activation 
of PERK pathway. 

All the above results indicated that the GOG stimulated BMSCs 
played an important role in promoting bone remodeling at osteoblastic, 
osteoclastic and angiogenic differentiations (Fig. 8f). The verified effect 
of GOG stimulated BMSCs on regulating bone remodeling promised the 
local injection of GOG as a new choice of the methods that could induce 
RAP so as to accelerate the tooth movement. Meanwhile, the activated 
monocyte/macrophages in spleen by GOG and the pivotal regulatory 
role of BMSCs in bone remodeling gave us two extended exploration 
directions as the novel biomaterials application and mesenchymal stem 
cell regulatory biofunctions in promoting orthodontic tooth movement 
researches respectively. Our research showed that the novel GOG 
biomaterial has a good application prospect in accelerating orthodontic 
treatment. 

4. Conclusion 

Through the serial experiments in vitro and in vivo, we clarified the 
mechanism of GOG in promoting bone remodeling and the pivotal 
regulatory effects of GOG stimulated BMSCs in this phenomenon, which 
indicated the promised application of GOG in accelerating orthodontic 
tooth movement. The activated monocyte/macrophages in spleen and 
importance of the PERK pathway in accelerating tooth movement 
inspired us to explore more strategic choices of promoting orthodontic 
treatment, such as the systemic mobilization of the osteoclast pro-
genitors, application of small molecule drugs to activate the PERK 
pathway or modulation on the biofunctions of BMSCs in promoting bone 
remodeling. Our research has extended the applications of novel bio-
materials in accelerating orthodontic treatment and would inspire the 
researchers to explore more technical approaches for achieving more 
rapid and safe orthodontic treatment. 
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