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Abstract. The ability of intermittent parathyroid hormone 
(1‑34) [PTH(1‑34)] treatment to enhance bone‑implant osseo-
integration was recently demonstrated in  vivo. However, 
the mechanisms through which PTH (1‑34) regulates bone 
marrow‑derived stromal cells (BMSCs) remain unclear. The 
present study thus aimed to investigate the effects of PTH(1‑34) 
on the migration and adhesion of, and rictor/mammalian target 
of rapamycin complex 2 (mTORC2) signaling in BMSCs. In 
the present study, BMSCs were isolated from Sprague‑Dawley 

rats treated with various concentrations of PTH(1‑34) for 
different periods of time. PTH(1‑34) treatment was performed 
with or without an mTORC1 inhibitor (20 nM rapamycin) 
and mTORC1/2 inhibitor (10  µM PP242). Cell migration 
was assessed by Transwell cell migration assays and wound 
healing assays. Cell adhesion and related mRNA expression 
were investigated through adhesion assays and reverse tran-
scription‑quantitative polymerase chain reaction (RT‑qPCR), 
respectively. The protein expression of chemokine receptors 
(CXCR4 and CCR2) and adhesion factors [intercellular adhe-
sion molecule 1 (ICAM‑1), fibronectin and integrin β1] was 
examined by western blot analysis. The results revealed that 
various concentrations (1, 10, 20, 50 and 100 nM) of PTH(1‑34) 
significantly increased the migration and adhesion of BMSCs, 
as well as the expression of CXCR4, CCR2, ICAM‑1, fibro-
nectin and integrin β1. In addition, the p‑Akt and p‑S6 levels 
were also upregulated by PTH(1‑34). BMSCs subjected to 
mTORC1/2 signaling pathway inhibition or rictor silencing 
exhibited a markedly reduced PTH‑induced migration and 
adhesion, while no such effect was observed for the BMSCs 
subjected to mTORC1 pathway inhibition or raptor silencing. 
These results indicate that PTH(1‑34) promotes BMSC migra-
tion and adhesion through rictor/mTORC2 signaling in vitro. 
Taken together, the results of the present study reveal an 
important mechanism for the therapeutic effects of PTH(1‑34) 
on bone‑implant osseointegration and suggest a potential treat-
ment strategy based on the effect of PTH(1‑34) on BMSCs.

Introduction

Bone implant surgery is required for a variety of reasons, such 
as bone degenerative changes, trauma, tumors and deformities. 
However, whether the implant can remain stably fixed for a 
long period of time directly affects the surgical outcome and 
post‑operative rehabilitation of the patient. Some studies have 
demonstrated that the poor bone integration of implants is the 
major cause of implant loosening (1,2). Ideal implant‑bone 
integration involves a complex reaction between the bone and 
the implant surface. Recent studies have also indicated that 
the migration and adhesion of functional cells to the surface 
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of an implant plays a pivotal role in the process of implant 
osseointegration  (3,4). Osteoblasts are considered to be 
derived from the osteoblastic differentiation of multipotent 
bone marrow‑derived stromal cells (BMSCs), and the effects 
of BMSC osteoblastic differentiation on the surface of the 
implant has been investigated in previous studies (5‑8).

Parathyroid hormone (PTH) is secreted by the parathyroid 
gland and can regulate calcium and phosphorus metabolism, 
promote osteoblast activity and accelerate bone transforma-
tion. Recombinant human PTH(1‑34) [rhPTH(1‑34)], which 
has been approved for the treatment of osteoporosis, can 
promote bone formation, increase bone strength and reduce 
the risk of fracture, unlike other drugs used in the treatment of 
osteoporosis that suppress bone resorption (9,10). The effects 
of PTH on bone anabolism and catabolism depend on the 
dosage and duration of administration. Constant PTH stimula-
tion can activate protein cleavage and degradation pathways 
and improve bone turnover. However, the intermittent use of 
PTH has been shown to promote bone anabolism in some 
animal experiments (11).

Despite extensive studies, the mechanisms through which 
PTH promotes bone anabolism remain unclear. A potential 
mechanism is attributed to the increased proliferation of 
osteoblasts via the expression of insulin insulin‑like growth 
factor‑I (IGF‑I) and the differentiation of osteoprogenitor 
cells in the bone marrow. The results of a recent study 
suggested that PTH can regulate the migration and osteo-
genic differentiation of human periodontal ligament stem 
cells (PDLSCs). The results of that study demonstrated that 
PTH can activate the adhesion of multipotent bone marrow 
stromal precursors, and this observation may represent an 
early stage of the PTH‑induced osseointegration response in 
bone (12).

Mammalian target of rapamycin (mTOR) is an atypical 
serine/threonine protein kinase and a member of the 
phosphatidylinositol kinase‑related kinase (PIKK) protein 
family. The mTOR pathway can regulate cell metabolism, 
migration, self‑renewal and autophagy  (13,14). There are 
two different mTOR complexes in mammalian cells: mTOR 
complex 1 (mTORC1) and mTOR complex 2 (mTORC2). 
In recent years, the key role of mTORC2 in regulating cell 
migration, adhesion and cytoskeletal reorganization has been 
confirmed (15‑17). In mammalian cells, mTORC2 regulates 
the orderly assembly of the actin cytoskeleton through 
protein kinase Cα (PKCα) (18). Sen et al (19) observed that 
following physical stimulation intervention in mesenchymal 
stem cells (MSCs), the expression of F‑actin and vinculin 
increased and involved the mTORC2 pathway. In addition, 
previous studies have indicated that mTORC2 is involved in 
the migration of colorectal cancer, osteosarcoma and bladder 
cancer cells (20‑22).

Based on the above‑mentioned findings, in the present 
study, it was hypothesized that PTH(1‑34) can stimulate the 
migration and adhesion of BMSCs by activating the mTORC2 
signaling pathway. Therefore, in order to further elucidate 
the cellular and molecular mechanisms through which PTH 
affects osteoimplant integration, the effects of PTH(1‑34) 
on BMSC migration and adhesion and the potential role of 
mTORC2 signaling in mediating these effects were investi-
gated.

Materials and methods

Isolation and culturing of BMSCs. A total of 20  male 
Sprague‑Dawley rats (4‑6  weeks old; 100‑120  g) were 
purchased from the Experimental Animal Center of Sun 
Yat‑Sen University for use in the present study. The rats were 
allowed to adapt to the housing conditions for 7 days, during 
which the rats were maintained under a 12‑h light/dark cycle 
at 22˚C with free access to food and water (23,24). The present 
study was approved by the Animal Care Committee of Sun 
Yat‑Sen University [no. (2014)52] and was performed in accor-
dance with the guidelines for the use of laboratory animals. 
In summary, BMSCs were harvested from the femoral and 
tibial medullary cavities by flushing with a 5 ml syringe 
and suspended in Dulbecco's modified Eagle medium F‑12 
(DMEM/F12) growth medium (GM). The cells were cultured 
in a humidified incubator at 37˚C under an atmosphere with 
5% CO2 and the third generation of BMSCs were used in the 
experiments.

Wound healing assay. A wound healing assay was performed 
in 6‑well plates. BMSCs were seeded in 6‑well plates at a 
density of 5x105 cells per well. The cells were deprived of 
serum for 24 h and then scratched with a 100‑µl pipette tip. 
Subsequently, various treatments were applied, including 
PP242 (10 µM/l), PTH (1‑34) (10 nM/l), PP242 and PTH(1‑34), 
rapamycin (20  nM), rapamycin and PTH(1‑34), raptor(‑), 
raptor(‑) and PTH(1‑34), rictor(‑), and rictor(‑) and PTH (1‑34). 
In the PTH group, BMSCs were exposed to 10 nM PTH(1‑34) 
in DMEM medium for the first 4 h of each 8 h cycle and then 
washed with phosphate‑buffered saline (PBS) and the process 
was repeated for the subsequent 20 h. The surface scratches 
were monitored using a microscope (Zeiss AG) at 0 and 24 h.

Lentivirus production. siRNA targeting rat rictor and raptor 
lentivirus were procured from Shanghai GeneChem Co., 
and the target sequences were as follows: (sirictor, GTC​CAG​
AGA​ATC​ACA​GAG​AAA; siraptor, CGG​GTC​CTC​TTC​
CAC​TAT​AA; siControl, CGC​TTC​CGC​GGC​CCG​TTC​AA). 
The 400‑position transfection mixture containing sirictor or 
siraptor, VSVG, PAX2 and transfection reagent polyethyl-
eneimine (Polysciences) in DMEM, was incubated at room 
temperature for 15 min, and then added to BMSCs (5x105 cells 
per well). Cells were cultured in a 37˚C virus incubator for 
48 h. The transfected cells were selected and incubated in 
puromycin at 3 µg/ml for 24 h. The transfection efficiency 
was determined by western blot analysis of the control group, 
siCtrl group, siraptor groups and sirictor groups.

Transwell migration assay. Transwell migration assays were 
performed in 24‑well plates. BMSCs were serum‑starved 
for 24 h before being seeded into the upper chambers of a 
Transwell plate and cultured with serum‑free medium at a 
concentration of 1x105 cells per well. In the lower chambers, 
300 µl of medium with PP242 (10 µM/l), PTH (1‑34) (10 nM/l), 
PP242 and PTH(1‑34), rapamycin (20 nM), rapamycin and 
PTH(1‑34), raptor(‑), raptor(‑) and PTH(1‑34), rictor(‑), and 
rictor(‑) and PTH(1‑34) were added. In the containing PTH 
group, cells were exposed to 10 nM PTH(1‑34) in DMEM 
medium for the first 4 h of each 8‑h cycle and the process 
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was repeated for the subsequent 20 h. The 24‑well plates were 
then placed in an incubator at 37˚C under an atmosphere with 
5% CO2. Migrated cells were fixed in 4% paraformaldehyde 
for 15 min and stained with crystal violet for 30 min at room 
temperature. The migration of the BMSCs was monitored 
using a microscope (DMI3000 B; Leica). Subsequently, 
5 random microscopic fields at a x20 magnification were 
selected to quantify the migrated cells. All experiments were 
repeated 3 times.

Adhesion assay. For this assay, 96‑well plates were pre‑coated 
with 10 µg/ml fibronectin (FN; 70 µl per well), washed 3 times 
in PBS at 4˚C, blocked with 1% bovine serum albumin (BSA) 
for 1 h at 37˚C, and then washed 3 times with PBS. The cells 
to be examined were cultured to the logarithmic growth phase, 
digested and suspended in serum‑free medium, counted with 
a hemocytometer, adjusted to a concentration of 5x105/ml, and 
then inoculated into a fibronectin‑coated 96‑well plate. Each 
well contained 5,000 cells, and the experimental groups and 
control groups included 3 duplicate wells. After incubating 
the plates for 1 h at 37˚C, PBS was used to wash away unad-
hered cells. Subsequently, 100 µl of methanol were added to 
each well, and the cells were fixed in 4% paraformaldehyde 
for 15 min. Giemsa dye solution (100 µl) was then added to 
each well for 15 min at room temperature, and the cells were 
washed with PBS. A total of 5 random fields were selected to 
count the number of adherent cells.

Western blot analysis. Western blot analysis was performed 
using standard techniques. Following 2 days of the treatment 
with 2 ml various concentrations (1, 10, 20, 50 and 100 nM) of 
PTH and 2 inhibitors (20 nM rapamycin and 10 µM PP242), 
BMSCs were lysed in 50 µl of protein extraction reagent 
(M‑PER) (BestBio) and protease inhibitor cocktail. The 
protein samples were harvested following centrifugation for 
15 min (12,000 x g, 4˚C) and boiled for 5 min total protein 
concentration was determined using a NanoDrop 2000 spec-
trophotometer. Equal volumes (20 µl) of the samples were 
separated via 10% SDS‑PAGE and subsequently transferred to 
polyvinylidene fluoride (PVDF) membranes. The membranes 

were blocked with 5% non‑fat dry milk and then incubated 
overnight at 4˚C with primary antibodies specific for rabbit 
anti‑phosphorylated S6 (p‑S6) monoclonal antibody (mAb; 
1:2,000; cat. no. 4858, Cell Signaling Technology, Inc.), rabbit 
anti‑S6 (mAb; 1:2,000; cat. no. 2217, Cell Signaling Technology, 
Inc.), rabbit anti‑CXCR4 (PcAb; 1:2,000; cat. no. PA1‑22486, 
Invitrogen; Thermo Fisher Scientific, Inc.), rabbit anti‑CCR2 
(mAb; 1:1,000; cat. no. 12199, Cell Signaling Technology, 
Inc.), rabbit anti‑intercellular adhesion molecule 1 (ICAM‑1) 
(mAb; 1:1,000; cat. no. 67836, Cell Signaling Technology, 
Inc.), rabbit anti‑FN (mAb; 1:2,000; cat. no. 45688, Abcam), 
rabbit anti‑integrin β1 (mAb; 1:1,000; cat. no. 34971, Cell 
Signaling Technology, Inc.), rabbit anti‑β‑actin (mAb; 1:1,000; 
cat. no. 4970) and anti‑GAPDH (mAb; 1:1,000; cat. no. 5174) 
(Cell Signaling Technology, Inc.), followed by incubation with 
a alkaline phosphatase‑conjugated goat anti‑IgG (1:2,000, 
cat. no. 7054; Cell Signaling Technology, Inc.) for 1 h at room 
temperature. The immunoreactive proteins were visualized 
using a chemiluminescence kit (EMD Millipore), and band 
density analysis was carried out using Photoshop CS5 (Adobe 
Systems Incorporated, Inc.) and ImageJ 1.8.0 software (NIH).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted from cultured cells 
following treatment with 2 ml of various concentrations (1, 10, 
20, 50 and 100 nM) of PTH and 2 inhibitors (20 nM rapamycin 
and 10 µM PP242) for 1 day using TRIzol reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.). The RNA was then used for 
cDNA synthesis with the PrimeScript RT‑PCR kit (Takara 
Biotechnology Co., Ltd.) in a 10 µl reaction volume containing 
0.5 µl of PrimeScript RT Enzyme Mix I, 0.5 µl of oligo dT 
primer, and 2.0 µl of PrimeScript Buffer. Subsequently, 1 µl of 
cDNA was used for qPCR in a 10 µl reaction volume containing 
0.3 µl of the forward primer, 0.3 µl of the reverse primer, 5 µl 
of SYBR® Premix Ex Taq, and 3.4 µl of diethylpyrocarbonate 
(DEPC)‑treated water. Each cDNA sample was assayed in 
triplicate. Fluorescence data was analyzed using a CFX96™ 
Real‑Time PCR Detection System (Bio‑Rad Laboratories, 
Inc.). Gene expression levels were calculated using the 2‑ΔΔCq 
method (25), and the data are presented as the fold change 

Table I. Gene primers used for RT‑qPCR.

Gene	 Primer	 Sequence

CXCR‑4	 Forward	 5'‑GGCTGACCTCTTTGT‑3'
	 Reverse	 5'‑GTTTCCTTCGCCTTTGAC‑3' 
CCR‑2	 Forward	 5'‑GGAATCTTCTTCATTATCCTCCTGAC‑3'
	 Reverse	 5'‑TGACTACACTTGTTATTACCCCAAAGG‑3'
ICAM‑1	 Forward	 5'‑TTGGGCATAGAGACCCCGTT‑3'
	 Reverse	 5'‑GCACATTGCTCAGTTCATACACC‑3'
Fibronectin	 Forward	 5'‑CGGTGGCTGTCAGTCAAAG‑3'
	 Reverse	 5'‑AAACCTCGGCTTCCTCCATAA‑3'
Integrin β1	 Forward	 5'‑TGAATGTGAATGCCAAAGCGA‑3'
	 Reverse	 5'‑CAATGTCTACCAACACGCCC‑3'
β‑actin	 Forward	 5'‑GTCTGCCTTGGTAGTGGATAATG‑3'
	 Reverse	 5'‑TCGAGGACGCCCTATCATGG‑3'
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relative to control samples. The primer sequences used for 
the RT‑qPCR analyses of rat CXCR4, CCR2, ICAM‑1, FN, 
integrin β1 and β‑actin are presented in Table I.

Statistical analysis. Statistical analyses were performed using 
SPSS 22.0 software (SPSS, Inc.). The data are presented as 
the means  ±  standard deviation. Differences between the 
quantitative values among multiple groups were analyzed with 
one‑way analysis of variance (ANOVA) with the Tukey's test. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

PTH(1‑34) promotes the migration of BMSCs. It was 
observed that PTH(1‑34) promoted BMSC migration, as 
shown by wound healing and Transwell migration assays. 

The intermittent use of various concentrations of PTH(1‑34) 
(1, 10, 20, 50 and 100 nM) markedly enhanced the motility 
of the BMSCs in a concentration‑dependent manner. In 
Transwell migration assays, the BMSCs treated with various 
concentrations of PTH(1‑34) migrated to the lower chamber 
significantly more frequently than the BMSCs in the control 
group (P<0.01; Fig. 1A and B). In addition, the 10, 20, 50 
and 100 nM concentrations of PTH(1‑34) promoted BMSC 
migration compared to that observed with 0 nM PTH(1‑34), 
and no significant differences between the 1 nM treatment 
and the control were observed, while intermittent PTH(1‑34) 
treatment at various concentrations significantly increased 
the migration of the BMSCs (P<0.01) (Fig. 1C and D). In 
addition, PTH(1‑34) promoted BMSC migration more effec-
tively at the concentrations of 10, 20, 50 and 100 nM than 
at 1 nM, and there were no significant differences between 
these treatments (P>0.05).

Figure 1. Effect of PTH(1‑34) on BMSC migration. (A and B) BMSCs were seeded in the upper chamber of Transwell plates. The bottom wells were loaded 
with medium alone or medium containing 1, 10, 20, 50 or 100 nM PTH (1‑34) for 4 h. The number of cells that migrated to the bottom wells was counted 
24 h later. (C and D) Intermittent use of PTH(1‑34) (1, 10, 20, 50 and 100 nM) (for the first 4 h of each 8‑h cycle). The cell layer was scratched with a 200 µl 
sterile pipette tip, and the wound surface area was measured at the 0 and 24 h points. Cells cultured in medium were used as a blank control. The results are 
presented as the percentage of the scratch closure area. Scale bars, 100 µm; data are the means ± SD; n=3; *P<0.05, **P<0.01 vs. control group. (E and F) The 
mRNA expression of chemokine receptors, including CXCR4 and CCR2, was measured by RT‑qPCR. data are the means ± SD; n=3; *P<0.05, **P<0.01 
vs. control group. (G and H) Western blot analysis of CXCR4 and CCR2 expression in BMSCs treated with various concentrations of PTH(1‑34). BMSCs, 
bone marrow‑derived stromal cells; PTH, parathyroid hormone.
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The mRNA expression levels of chemokine receptors were 
determined by RT‑qPCR following the treatment of BMSCs 
with various concentrations of PTH(1‑34). The results revealed 
that the expression of CXCR4 and CCR2 significantly increased 
by PTH(1‑34) treatment at various concentrations (P<0.05; 
Fig. 1E and F). In addition, PTH(1‑34) stimulation increased 

CXCR4 and CCR2 protein expression (Fig. 1G and H). In 
summary, these data reveal that PTH(1‑34) can promote the 
migration of BMSCs.

PTH (1‑34) promotes the adhesion of BMSCs. The effects of 
various concentrations of PTH(1‑34) on the adhesive ability of the 

Figure 2. Effect of PTH(1‑34) on BMSC adhesion. (A and B) Adhesion analysis of BMSCs pre‑treated with various concentrations of PTH(1‑34) for 1 or 
2 h. Non‑adhered cells were removed by washing 3 times with PBS. Giemsa staining was used to visualize adhered cells (n=3). **P<0.01 vs. control group. 
(C‑E) mRNA expression of adhesion factors, including FN, integrin β1 and ICAM‑1, measured by RT‑qPCR. Data are the means ± SD; n=3. *P<0.05, **P<0.01 
vs. control group. (F‑H) Protein expression of ICAM‑1, FN and integrin β stimulated by various concentrations of PTH(1‑34) verified by western blot analysis. 
BMSCs, bone marrow‑derived stromal cells; PTH, parathyroid hormone; ICAM‑1, intercellular adhesion molecule 1; FN, fibronectin.
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BMSCs were examined. Compared with the control treatment, 
PTH(1‑34) significantly increased the number of adherent cells 
(P<0.01); however, there were no significant differences between 
the tested concentrations themselves (P>0.05; Fig. 2A and B).

The mRNA expression levels of key adhesion factors were 
detected by RT‑qPCR after the BMSCs were treated with 
various concentrations of PTH(1‑34). The results revealed that 
the expression levels of FN, ICAM‑1 and integrin β1 were 
significantly increased by PTH (1‑34) treatment at various 
concentrations (P<0.05; Fig. 2C‑E). The results of western blot 
analysis also demonstrated that compared with that observed 
in the control group, the expression of adhesion factor proteins, 
including FN, ICAM‑1 and integrin β1, was markedly increased 
in the PTH(1‑34) stimulation group (Fig. 2F‑H).

Activation of the mTORC pathway by PTH(1‑34) in BMSCs. 
However, whether PTH(1‑34) can activate the migration 
and adhesion of BMSCs through the mTORC2 pathway 
in vitro remain unclear. Therefore, the effects of PTH(1‑34) 

on the activity of the mTORC1 and mTORC2 pathways were 
investigated and the results were verified by detecting the 
phosphorylation of S6 on its regulatory Ser235/236 site and 
the phosphorylation of Akt on its regulatory Ser‑473 site. 
PTH(1‑34) an induced increase in Akt Ser‑473 phosphorylation 
and S6 Ser235/236 phosphorylation in the BMSCs. Time course 
experiments revealed that PTH(1‑34) also induced an increase 
in the phosphorylation of S6 Ser235/236 in the BMSCs as early 
as 30 min (P<0.05) with the level of p‑S6 peaking at 2 and 4 h 
(P<0.05; Fig. 3A and B). On the other hand, time course experi-
ments revealed that PTH(1‑34) increased the phosphorylation 
of these sites as early as 30 min in the BMSCs (P<0.05), and 
the level of p‑Akt was highest at 4 h following treatment with 
PTH(1‑34) (P<0.01; Fig. 3C and D). Although no marked differ-
ence in the level of p‑Akt was observed at 30 min, or at 1 and 
2 h following PTH(1‑34) treatment, the level was still signifi-
cantly higher compared to that of the control group (P<0.05).

The effects of mTORC1 inhibitor, and mTORC1/2 inhibitor 
and PTH(1‑34) on phosphorylation were then investigated. 

Figure 3. Activation of the mTORC pathway by PTH(1‑34) in BMSCs. (A and B) BMSCs incubated with serum‑free medium for 12 h (Cont) were treated with 
10 nM PTH(1‑34) for various periods of time. Whole‑cell lysates were acquired for western blot analysis using anti‑phospho‑Akt (Ser‑473) and anti‑Akt (Total) 
antibodies. (C and D) BMSCs incubated with serum‑free medium for 12 h (Cont) were treated with 10 nM PTH(1‑34) for various periods of time. Whole‑cell 
lysates were acquired for western blot analysis using anti‑phospho‑S6 (Ser235/236) and anti‑S6 (Total) antibodies. (E and F) Involvement of mTORC2 in the 
PTH‑dependent phosphorylation of Akt. BMSCs cultured without serum for 12 h (Cont) were treated with 10 nM PTH (1‑34), and 20 nM rapamycin (mTORC1 
inhibitor) or 10 µM PP242 (mTORC1/2 inhibitor) was added to the medium 15 min prior to PTH(1‑34) treatment. Western blot analysis was performed to 
detect p‑S6, S6, Akt and p‑Akt (means ± SD; n=3). *P<0.05, **P<0.01 vs. control group; ##P<0.01 vs. PTH. BMSCs, bone marrow‑derived stromal cells; 
PTH, parathyroid hormone.
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The results of western blot analysis revealed that changes 
in the phosphorylation of these proteins occurred following 
the pre‑treatment of BMSCs with an mTORc1 inhibitor 
(rapamycin) and an mTORc1/2 inhibitor (PP242). As shown in 
Fig. 3E and F, compared to the control, rapamycin and PP242 
decreased the levels of p‑S6 in the BMSCs, and the inhibi-
tory effect of PP242 was more potent than that of rapamycin 
(P<0.01). Following stimulation with PTH(1‑34), the levels of 
p‑S6 in the BMSCs were significantly increased. Following 
the addition of the inhibitors however, the stimulatory effect 
of PTH(1‑34) was inhibited, and the inhibitory effect of PP242 
was more potent than that of the other inhibitors (P<0.01).

Compared to the control group, PP242 also suppressed 
p‑Akt expression, while rapamycin did not (P<0.01). Following 
pre‑treatment with PTH(1‑34), the level of p‑Akt in the BMSCs 
was significantly higher; however, the expression of p‑Akt was 
significantly lower following the addition of PP242 (P<0.01). 
Notably, in the rapamycin plus PTH(1‑34) treatment group, the 
expression of p‑Akt did not differ from that of the PTH(1‑34) 
treatment group (P>0.05). These findings suggest that PTH 
(1‑34) is more likely to function through the mTORC2 pathway.

Involvement of the mTORC2 signaling pathway in the 
PTH‑dependent migration and adhesion of BMSCs. To inves-
tigate whether the mTORC2 signaling pathway is involved in 
PTH‑induced BMSC migration, wound healing and Transwell 

migration assays were performed. Several groups, including 
the blank group, were treated or not with 10 nM PTH(1‑34), 
with or without pre‑treatment with mTORC1 inhibitor 
(20 nM rapamycin) or mTORC1/2 inhibitor (10 µM PP242). 
Treatment with PTH(1‑34) markedly increased the mobility 
of the BMSCs (P<0.01). The mTORC1/2 inhibitor (PP242) 
markedly suppressed PTH‑induced cell migration (P<0.01; 
Fig. 4), while the mTORC1 inhibitor (rapamycin) did not exert 
any distinct inhibitory on PTH‑dependent BMSC migration 
(P>0.05). Similar results were observed in the Transwell 
migration experiments. The PTH(1‑34) treatment group exhib-
ited a notable increase in the number of cells migrating to the 
lower chamber (P<0.01), while PP242 suppressed the effects 
of PTH(1‑34) (P<0.01). No significant difference was observed 
between the control group and the rapamycin group (P>0.05).

The results of RT‑qPCR and western blot analyses of the 
expression of chemokine receptors are shown in Fig. 5A‑D. 
The results revealed that PTH(1‑34) significantly increased 
the expression of CXCR4 and CCR2 (P<0.05), while PP242 
significantly inhibited the PTH‑induced mRNA expres-
sion of CXCR4 and CCR2 (P<0.05). Accordingly, the 
protein expression of CXCR4 and CCR2 was stimulated by 
PTH(1‑34) (P<0.01). PP242 decreased the expression of the 
chemokine receptors (P<0.05), whereas following treatment 
with rapamycin, the expression of the marker proteins was 
not significantly altered compared to that of the control group 

Figure 4. Involvement of the mTORC2 signaling pathway in the PTH‑dependent migration and adhesion of BMSCs. (A and C) BMSCs were seeded in the 
upper chambers of Transwell plates. The bottom wells were loaded with medium alone or medium containing rapamycin and PP242, with or without PTH. 
The number of cells that migrated to the bottom wells was counted 24 h later. (B and D) The cell layer was scratched with a 200 µl sterile pipette tip, and the 
wound surface area was measured at the 0 and 24 h timepoints. The results were presented as the percentage of the scratch closure area, **P<0.01 vs. control 
group. BMSCs, bone marrow‑derived stromal cells; PTH, parathyroid hormone.
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Figure 5. (A and B) mRNA expression of chemokine receptors, including CXCR4 and CCR2 was measured by RT‑qPCR (means ± SD; n=3). *P<0.05, **P<0.01 
vs. control group. (C and D) Western blot analysis of CXCR4 and CCR2 expression in BMSCs treated with inhibitors and PTH(1‑34). (E and F) Adhesion 
analysis of BMSCs pretreated with PTH(1‑34), rapamycin, PP242, PTH + rapamycin, PTH (1‑34) + PP242 and NCs (n=3). **P<0.01 vs. control group. BMSCs, 
bone marrow‑derived stromal cells; PTH, parathyroid hormone.

Figure 6. (A‑C) mRNA expression of adhesion factors, including ICAM‑1, FN and integrin β1, in BMSCs treated with inhibitors and PTH was measured by 
RT‑qPCR (means ± SD; n=3). *P<0.05, **P<0.01 vs. control group. #P<0.05, PP242 vs. rapamycin group ##P<0.01, PP242 vs. PTH group. (D) The protein expres-
sion of ICAM‑1, FN, and integrin β in BMSCs treated with inhibitors and PTH was verified by western blot analysis. BMSCs, bone marrow‑derived stromal 
cells; PTH, parathyroid hormone; ICAM‑1, intercellular adhesion molecule 1; FN, fibronectin.
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(P>0.05). These findings suggest that PTH (1‑34) activates the 
migration of BMSCs by increasing the expression of chemo-
kine receptors through the mTORC2 pathway.

To confirm the role of mTORC2 signaling in PTH‑induced 
BMSC adhesion, an adhesion assay was performed to 
examine the adhesive capacity of each group. Compared with 

Figure 7. PTH(1‑34) mediates BMSC migration and adhesion by targeting rictor. (A) Western blot analysis of rictor and raptor expression and phosphoryla-
tion in BMSCs from rictor(‑) and raptor(‑) cells transfected with lentivirus. (B) Cells in the different groups, including PTH(1‑34), DMSO, PP242, siCtrl, 
siRNA(rictor) and siRNA(raptor), were seeded in the upper chambers of Transwell plates. The number of cells that migrated to the bottom wells was counted 
24 h later. *P<0.05, **P<0.01 vs. control group. #P>0.05, siRNA(rictor) vs. PP242 group. ▲P<0.05 siRNA(rictor) vs. siRNA(raptor) group. (C) Results of 
scratch assays in the different groups, including PTH (1‑34), DMSO, PP242, siCtrl, siRNA(rictor), and siRNA(raptor). **P<0.01 vs. control group. #P>0.05, 
siRNA(rictor) vs. PP242 group (D) mRNA expression of CXCR4 and CCR2 measured by RT‑qPCR. (E) Western blot analysis of CXCR4 and CCR2 expression 
in the different groups. **P<0.01 vs. control group, #P>0.05, siRNA(rictor) vs. PP242 group. BMSCs, bone marrow‑derived stromal cells; PTH, parathyroid 
hormone.
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the control, stimulation with PTH(1‑34) promoted the adhe-
sion of the BMSCs after 1 and 2 h; however, following the 
addition of PP242, the number of adhered cells was signifi-
cantly decreased compared with that observed in the PTH 
group (1 and 2 h) (P<0.05; Fig. 5E and F). RT‑qPCR analysis 
of the expression of adhesion factors is shown in Fig. 6A‑C. 
The mRNA expression of key adhesion factors in BMSCs 
was induced by the intermittent use of PTH(1‑34) (P<0.05). 
PP242 exerted a more potent inhibitory effect on the expres-
sion of ICAM‑1, FN and integrin β1 than rapamycin (P<0.05) 
or the PTH(1‑34) group (P<0.01). The results of western blot 
analysis of ICAM‑1, FN and integrin β1 expression in all 
groups are shown in Fig. 6D. Following stimulation with 
PTH(1‑34), the expression of adhesion factors in the BMSCs 
was significantly increased, whereas it was significantly 
downregulated following pre‑treatment with PP242 (P<0.01). 
However, compared to the control treatment, rapamycin 
exerted minimal effects on the expression of adhesion 
factors (P>0.05). Therefore, the above‑mentioned results 

suggest that the mTORC2 signaling pathway is involved in 
the PTH‑induced adhesion of BMSCs.

BMSCs lacking rictor rather than raptor are insensitive to 
the effects of PTH(1‑34). Subsequently, the present study 
wished to determine whether rictor, which is crucial for the 
kinase activity of mTORC2, is essential for the PTH‑induced 
BMSC migration and adhesion via lentiviral silencing. As 
was expected, the lentiviruses downregulated rictor/mTORC2 
signaling and the phosphorylation of Akt (S473) or 
raptor/mTORC1 pathway and the phosphorylation of S6 
(Ser235/236) (Fig. 7A). In the wound healing and Transwell 
assays (Fig. 7B and C), the intermittent use of PTH(1‑34) 
significantly increased the mobility of the BMSCs compared 
to that observed in the negative control groups (P<0.01). 
The results revealed that PP242 markedly suppressed 
BMSC migration (P<0.01), similar to that observed in the 
siRNA(rictor) group (P>0.05). Moreover, the migratory ability 
of the siRNA(raptor)‑treated BMSCs differed significantly 

Figure 8. PTH(1‑34) mediates BMSC migration and adhesion by targeting rictor. (A) Adhesion analysis of BMSCs from each group. *P<0.05, **P<0.01 
vs. control group, #P>0.05, siRNA(rictor) vs. PP242 group. (B) mRNA expression of adhesion factors, including ICAM‑1, FN and integrin β1 (means ± SD; 
n=3). **P<0.01 vs. control group, #P>0.05 siRNA(rictor) vs. PP242 group. (C) The protein expression of ICAM‑1, FN, and integrin β1 was verified by western 
blot analysis. (means ± SD; n=3). *P>0.05 vs. siRNA(rictor) vs. PP242 group, #P>0.05 vs. control group. BMSCs, bone marrow‑derived stromal cells; PTH, 
parathyroid hormone; ICAM‑1, intercellular adhesion molecule 1; FN, fibronectin.
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from that observed in the siRNA(rictor) group (P<0.05). For 
the gene expression analysis, the levels of the chemokine 
receptors in the siRNA(rictor) group were significantly lower 
than those in the control group (P<0.01), but were similar to 
those observed in the PP242 group (P>0.05) (Fig. 7D). By 
contrast, no significant differences were observed between 
the siRNA(raptor) group and the control group (P>0.05). 
Accordingly, the protein levels of CXCR4 and CCR2 in the 
PP242 and siRNA(rictor) groups were significantly decreased 
compared to those observed in the control group (P<0.01), 
whereas the levels of these proteins in the siRNA(raptor) 
BMSC group were similar to those detected in the control 
group (P>0.05; Fig. 7E). The above‑mentioned results suggest 
that rictor, the key component of mTORC2, is involved in the 
PTH‑induced migration of BMSCs.

An adhesion assay was also performed to examine the 
adhesive capacity of each group. Compared with the control 
group, the adhesive ability of the cells in the PP242 pre‑treat-
ment and siRNA(rictor) groups was significantly decreased 
after 1 and 2 h (P<0.01), while the numbers of adhered cells 
in the siRNA(raptor) group were similar to those detected 
in the negative control group (1 and 2 h) (P>0.05; Fig. 8A). 
The results of RT‑qPCR analysis revealed that the adhesion 
factor mRNA levels in the siRNA(rictor) and the PP242 
group were similar (P>0.05). By contrast, the mRNA expres-
sion levels exhibited no significant differences between the 
siRNA(raptor) group and the control group (P>0.05; Fig. 8B). 
The protein expression of key adhesion factors in the BMSCs 
from the different treatment groups was examined by western 
blot analysis. The protein levels of ICAM‑1, FN and integrin 
β1, in the PP242 and the siRNA(rictor) group were similar 
(P>0.05), whereas those detected in the siRNA(raptor) BMSC 
group were similar to those observed in the control group 
(P>0.05; Fig. 8C). Taken together, these results suggest that 
PTH (1‑34) directly targets rictor to affect BMSC migration 
and adhesion.

Discussion

Implant‑bone integration refers to the structural and functional 
connection between the bone surface and an implant (26). 
A series of intracellular and extracellular responses are 
involved in the formation and remodeling phases of bone 
healing (27,28). The active ingrowth of the bone to the implant 
surface is the most important aspect of bone integration. The 
migration and adhesion of bone marrow MSCs and osteoblasts 
to the surface are pivotal aspects of ingrowth (3,6), as both of 
these processes are required for osteogenic differentiation and 
bone mineralization. Thus, successful integration depends on 
these biological processes.

A series of studies have established that the intermittent 
administration of PTH can improve osteogenic differentiation 
and bone mineralization (10,29). Other studies have demon-
strated that PTH(1‑34) can enhance bone regeneration around 
the implant and improve the healing rate of the implant‑bone 
interface in the bone defect area (30). However, the mecha-
nistic aspects of this process, particularly the regulation of 
BMSC migration and adhesion, are not yet fully understood. 
In the present study, it was observed that PTH(1‑34) promoted 
not only the migratory, but also the adhesive ability of the 

BMSCs. It was also demonstrated that the mTORC2 pathway 
can be activated by PTH(1‑34), and that rictor is an impor-
tant contributor to this process. It is considered that this new 
mechanism may aid in the elucidation of the role of PTH in 
promoting bone‑implant integration.

It has recently been demonstrated that PTH can signifi-
cantly enhance MSC migration to the lumbar region, where 
MSCs differentiate into bone‑forming cells (31). SDF‑1 belongs 
to the CXC chemokine family and exerts multiple biological 
functions. The previous study by Du et al (12) suggested that 
the combination of PTH and SDF‑1α plays an essential role 
in the migration and osteogenic differentiation of human 
PDLSCs. In addition, the SDF‑1/CXCR4 axis can mediate 
the recruitment of MSCs to the periodontal defect (32). It has 
been reported that MCP‑1 can induce MSC migration in vitro, 
and that the application of PTH can mobilize endogenous 
BMSCs/progenitors as an effective and feasible regeneration 
treatment for patients with ischemic stroke (33). In addition, it 
has been demonstrated that MCP‑1 migration is mediated by 
CCR2. Ryan et al examined the effects of MCP‑1 activation, 
and demonstrated that it is important for stem cell migra-
tion  (34). In the present study, scratch wound healing and 
Transwell migration assays were performed to examine the 
effects of PTH on the migration of BMSCs. It was observed 
that PTH(1‑34) upregulated the expression of CXCR4 and 
CCR2. The specific elimination of rictor and the application 
of inhibitors significantly suppressed the effects of PTH. 
These data indicate that PTH(1‑34) exerts a stimulatory effect 
on BMSC migration through the rictor/mTORC2 signaling 
pathway.

The adhesibve ability is one factor in the first stage of 
the cell‑material interaction. MSCs are sensitive to substrate 
properties, and adhesion determines the proliferation and 
differentiation ability of cells after contact with implants. 
The expression of adhesion factors, such as ICAM‑1, FN 
and integrin β1, is associated with the adhesive capacity of 
cells (35,36). Davies and Chambers (37) suggested that the 
adhesion of such stromal precursors, termed colony‑forming 
units‑fibroblastic (CFU‑F) to bone may be an early event in 
the bone response to PTH. Lee et al (38) established a flexor 
digitorum longus (FDL) tendon repair model in C57Bl/6J 
mice to evaluate adhesion formation. They observed that PTH 
accelerated the deposition of reparative tissue and increased 
cell adhesion. Furthermore, the ICAM‑1‑mediated cell‑to‑cell 
adhesion of osteoblast and osteoclast precursors can be stimu-
lated by PTH (39). In the present study, cell adhesion assays 
were performed to examine the effects of PTH(1‑34) on the 
adhesion of BMSCs, and the data revealed that PTH(1‑34) 
promoted BMSC adherence to the surface. In addition, the 
adhesive ability of inhibitor‑treated and rictor(‑) cells was 
significantly decreased. The expression of ICAM‑1, FN 
and integrin β1 in the different BMSC groups was assessed 
by western blot analysis and mRNA expression analyses 
following treatment with PTH(1‑34), as our results showed. 
The results further demonstrated that the expression of adhe-
sion factors was significantly upregulated by PTH(1‑34), 
suggesting that PTH(1‑34) enhances the adhesion of BMSCs 
through the rictor/mTORC2 signaling pathway.

The rictor/mTORC2 pathway is involved in various 
biological processes, such as cell migration, adhesion and 
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cytoskeletal reorganization. Wang et al (16) analyzed overall 
proteome changes in cells in which rictor was knocked down 
and found that rictor was highly involved in cell migration and 
adhesion. Subsequently, assays were performed to determine 
whether the migratory and adhesive ability of cells in which 
rictor was knocked down was significantly reduced. PTH can 
induce insulin‑like growth factor (Igf) signaling, and the meta-
bolic effects of Igf depend on the activation of mTORC2 (40). 
Additionally, Chantaravisoot et  al  (41) suggested that the 
mTORC1/2 inhibitor PP242, but not rapamycin attenuated focal 
adhesion formation and cell migration in U87vIII glioblas-
toma cells. These results were similar to those obtained in the 
present study. The results suggested that rapamycin partially 
reversed the PTH‑induced migration and adhesion of BMSC 
cells. The mTORC2 complex was originally considered to be 
rapamycin‑insensitive; however, some researchers have found 
that chronic treatment with rapamycin can suppress mTORC2 
activity and disrupt mTORC2 assembly (42). Rapamycin has 
been demonstrated to mediate rictor dephosphorylation in a 
time‑ and concentration‑dependent manner, at physiologically 
relevant rapamycin concentrations (43). Wang et al (44) found 
that prolonged rapamycin pre‑treatment reduced the expres-
sion of tumor necrosis factor (TNF)‑induced vascular cell 
adhesion molecule‑1 by inhibiting mTORC2, thereby reducing 
the effect of TNF‑treated endothelial cells on capturing leuko-
cytes. Lamming et al (45) suggested that chronic rapamycin 
treatment impaired the insulin‑mediated suppression of 
hepatic gluconeogenesis via the disruption of the mTORC2 
in vivo. However, the underlying mechanisms warrant further 
investigation.

The findings of the present study suggested that PTH(1‑34) 
significantly increased the level of p‑Akt, and that mTORC1/2 
inhibitors and rictor silencing decreased the p‑Akt levels. As 
rapamycin predominantly suppressed mTORC1, the inhibition 
of mTORC2 appeared to account for the effects of PP242. 
Furthermore, blocking the rictor/mTORC2 signaling pathway 
by PP242 and reducing the rictor levels clearly suppressed the 
migration and adhesion of BMSCS. The above‑mentioned data 
suggest that the rictor/mTORC2 signaling pathway may play 
important roles in the PTH‑induced cell migration and adhe-
sion of BMSCs.

In spite of the large amount of research performed to 
demonstrate the original hypothesis, the present study has 
several limitations. Rather than using more genetically appli-
cable mice or more clinically translatable human cellular 
models, BMSCs from rats were used in the present study. 
Thus, additional in vitro and in vivo studies are required to 
further explore the molecular mechanisms of this pathway.

In conclusion, the results of the present study demonstrate 
that PTH(1‑34) promotes BMSC migration and adhesion 
in vitro, and that the downregulation of the rictor/mTORC2 
pathway is involved in mediating the effects of PTH(1‑34). 
This pathway may be a mechanism through which PTH 
promotes the bone integration of implants and may provide a 
novel target for future experimental and clinical studies for the 
prevention of implant loosening.
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