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Cyclic mechanical stretch promotes energy metabolism
in osteoblast-like cells through an mTOR
signaling-associated mechanism
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Abstract. Energy metabolism is essential for maintaining func-
tion and substance metabolism in osteoblasts. However, the role
of cyclic stretch in regulating osteoblastic energy metabolism
and the underlying mechanisms remain poorly understood.
In this study, we found that cyclic stretch (10% elongation at
0.1 Hz) significantly enhanced glucose consumption, lactate
levels (determined using a glucose/lactate assay kit), intracel-
lular adenosine triphosphate (ATP) levels (quantified using
rLuciferase/Luciferin reagent) and the mRNA expression
of energy metabolism-related enzymes [mitochondrial ATP
synthase, L-lactate dehydrogenase A (LDHA) and enolase 1;
measured by RT-qPCR], and increased the phosphoryla-
tion levels of Akt, mammalian target of rapamycin (mTOR)
and p70s6k (measured by western blot analysis) in human
osteoblast-like MG-63 cells. Furthermore, the inhibition of
Akt or mTOR with an antagonist (wortmannin or rapamycin)
suppressed the stretch-induced increase in glucose consump-
tion, lactate levels, intracellular ATP levels and the expression
of mitochondrial ATP synthase and LDHA, indicating the
significance of the Akt/mTOR/p70s6k pathway in regulating
osteoblastic energy metabolism in response to mechanical
stretch. Thus, we concluded that cyclic stretch regulates energy
metabolism in MG-63 cells partially through the Akt/mTOR/
p70s6k signaling pathway. The present findings provide novel
insight into osteoblastic mechanobiology from the perspective
of energy metabolism.
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Introduction

Bone can continuously remodel its own mass and architecture
in response to external mechanical stimulation, which has been
described by Wolff's law, a bone adaptation theory that posits
bones can adapt and become stronger in response to stress (1,2).
Substantial evidence has demonstrated that mechanical loading
promotes bone formation (3,4), whereas the loss of weight-bearing
activities (e.g., prolonged bed rest or microgravity) results in bone
loss in terms of both quantity and quality (5,6). The processes
of mechanical loading-mediated bone modeling and remodeling
involve the coordinated regulation of bone-resorbing osteoclasts
and bone-forming osteoblasts (7,8). Studies have demonstrated
the ability of osteoblasts to sense and transduce various forms of
mechanical stimuli, such as fluid shear stress (9-11) and hydro-
static pressure (12,13). Studies have also shown that mechanical
stimuli regulate the biological activities of osteoblasts, such as
proliferation, differentiation and apoptosis (14-16). In all cellular
biochemical reactions, energy metabolism plays an essential
role in sustaining normal cellular functions (e.g., ion transport,
biosynthesis and signal transduction) (17). However, the effects
of cyclic stretch on energy metabolism and the underlying
mechanisms in osteoblasts remain poorly understood.

The mammalian target of rapamycin (mTOR) protein is a
highly conserved serine/threonine (Ser/Thr) protein kinase.
mTOR is phosphorylated by activated Akt and subsequently
phosphorylates ribosomal protein S6 kinase (p70s6k, 70 kDa),
a downstream effector of mTOR, to regulate cell survival
by balancing translation, transcription, lipogenesis and
autophagy (18,19). In addition, mTOR is regarded as an essential
sensor and controller of cellular energy metabolism (20-22). It
has been demonstrated that sufficient nutrition, e.g., from amino
acids, activates mTOR and stimulates p70s6k phosphorylation
in rat hepatoma cells, which is regulated by phosphorylated
(p-)Akt, whereas p70s6k phosphorylation through the activation
of mTOR is halted in the absence of amino acids (20). Moreover,
studies have further revealed the potential correlation between
mitochondrial function and mTOR/p70s6k signaling: the
blockade of mitochondrial function (23) and the depletion of
adenosine triphosphate (ATP) levels (24) in hepatocytes inhibit
p70s6k phosphorylation, which is dependent on the activation of
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mTOR. Furthermore, mTOR may be associated with the mito-
chondrial outer membrane (23). Although the aforementioned
research has revealed the potential correlation between mTOR
signals and cellular energy metabolism, it remains unknown
as to whether mTOR signals are activated in osteoblasts
under cyclic stretch. It also remains unclear as to whether the
Akt/mTOR/p70s6k pathway plays an essential role in modu-
lating stretch-induced energy metabolism in osteoblasts.

Therefore, in this study, the effects and potential molecular
mechanisms of cyclic stretch in regulating energy metabolism
were systematically investigated in human osteoblast-like
MG-63 cells, which are derived from osteosarcomas and exhibit
various osteoblast-like characteristics (25). First, we observed
the effects of cyclic stretch on energy metabolism and the Akt/
mTOR/p70s6k pathway in MG-63 cells. We then investigated
the role of the Akt/mTOR/p70s6k pathway in energy metabo-
lism in MG-63 cells which were subjected to cyclic stretch. Our
findings provide a novel molecular mechanism through which
cyclic stretch regulates osteoblastic energy metabolism through
activation of the Akt/mTOR/p70s6k pathway.

Materials and methods

Reagents. Rapamycin (#9904), wortmannin (#9951) and
rabbit monoclonal antibodies against Akt (#4691), p-Akt
(Thr308; #2965), p-Akt (Serd73; #9271), mTOR (#2983),
p-mTOR (Ser2448; #5536), p70s6k (#2708), p-p70s6k (Thr389;
#9234) and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH; #2118) were obtained from Cell Signaling
Technology (Danvers, MA, USA). Mouse anti-ATP5B mono-
clonal antibody (sc-135903) was obtained from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA, USA). Rabbit anti-ATP5J
polyclonal antibody (ab65841) was purchased from Abcam
(Cambridge, MA, USA). HRP-conjugated goat secondary
antibodies (AP307P and AP308P) were obtained from
Millipore (Billerica, MA, USA). Alexa Fluor® 488-conjugated
secondary antibodies (A27034 and A28175) were obtained
from Invitrogen (Carlsbad, CA, USA). ECL reagent was
purchased from GE Healthcare (Pittsburgh, PA, USA), and the
BCA Protein assay kit was obtained from Pierce Chemical Co.
(Rockford, IL, USA).

Cell culture and mechanical stretch stimulation. Human
osteoblast-like MG-63 cells were obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA).
The MG-63 cells were maintained in minimum essential
medium (MEM) containing 10% fetal bovine serum (FBS)
(both from HyClone, Logan, UT, USA) in a water-saturated
atmosphere with 5% CO, at 37°C. For the mechanical stretch
experiment, the MG-63 cells were implanted at 2x10° cells/
well in 2 ml medium on 6-well BioFlex culture plates (Flexcell
International, Hillsborough, NC, USA) and incubated for 24 h.
The cells were then cultured in serum-free MEM for 24 h in
order for them to be synchronized prior to mechanical stimula-
tion. The medium was then changed to fresh MEM containing
10% FBS, and the cells were subjected to cyclic stretch
[10% elongation at 0.1 Hz (5 sec stretch/5 sec relaxation) using
the FX-4000 Tension System (Flexcell International) and
harvested for biochemical assay at 1, 4, 8 or 12 h after the
application of mechanical stretch. The control groups were
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seeded on the same plates and maintained under the same
experimental conditions without applying mechanical stretch.

Pharmacological drugs and cytotoxicity assay. Rapamycin,
an mTOR inhibitor (55 nM in DMSO), wortmannin (500 nM
in DMSO), a phosphoinositide 3-kinase (PI3K) antagonist
that blocks Akt phosphorylation, or DMSO (0.025%) as the
vehicle control, were added to the MG-63 cells 30 min prior to
subjection to mechanical stretch. The cells were then subjected
to cyclic stretch for 8 h and harvested for the following assay.
Cells in the control group were maintained under the same
conditions without mechanical stimulation.

Cytotoxicity assays were performed using a Cell Counting
kit-8 (CCK-8; Dojindo Laboratories, Kumamoto, Japan) to assess
cell survival following the addition of the inhibitors. Briefly, the
MG-63 cells were maintained in culture medium in the presence
of 500 nM wortmannin, 55 nM rapamycin or 0.025% DMSO
for 24 h. Cytotoxicity was subsequently measured by CCK-8
assay according to the manufacturer's instructions.

Immunofluorescence staining. The MG-63 cells in the BioFlex
culture plates were fixed with 4% paraformaldehyde for 30 min
and subsequently permeabilized with 0.1% Triton X-100 for
5 min. After blocking with 2% goat serum in phosphate-buffered
saline (PBS) at 37°C for 1 h, the cells were incubated overnight
at 4°C with primary antibodies to Akt (1:400), p-Akt (Thr308;
1:400), mTOR (1:50), p-mTOR (Ser2448; 1:50) and ATP5B (1:50).
The cells were then incubated with Alexa Fluor® 488-conjugated
goat anti-mouse (A28175) or anti-rabbit (A27034) antibodies
(1:400) at 37°C for 1 h, counterstained with 4',6-diamidino-2-phe-
nylindole (DAPI) for 5 min at room temperature and then
photographed using a confocal laser scanning microscope
(FV1000; Olympus, Tokyo, Japan). The negative controls were
incubated with non-immune mouse or rabbit immunoglobulin G
(IgG; A7016 and A7028; Beyotime Institute of Biotechnology,
Haimen, China) instead of the primary antibodies.

Total RNA isolation and reverse transcription-quantitative poly-
merase chain reaction (RT-gPCR). Total RNA was isolated from
the MG-63 cells using TRIzol reagent (Invitrogen) according
to the manufacturer's instructions and quantified using spec-
trophotometry (NanoDrop 2000c spectrophotometer; Thermo
Fisher Scientific, Rochester, NY, USA). A total of 1 ug RNA
was reverse transcribed into cDNA [20 ul] with oligo(dT),; as
a primer, using the First-Strand cDNA Synthesis kit (Thermo
Fisher Scientific, Pittsburgh, PA, USA) according to the manu-
facturer's instructions. qPCR was performed on 1 ul cDNA in a
reaction of 20 1 with SYBR Premix Ex Taq II (Takara Bio Inc.,
Shiga, Japan) using the Bio-Rad CFX96 real-time PCR detection
system (Bio-Rad, Philadelphia, PA, USA). The primer sequences
utilized in RT-qPCR are listed in Table 1. The protocol for the
RT-gPCR reactions consisted of an initial denaturation step at
95°C for 30 sec followed by 45 cycles of denaturation at 95°C
for 15 sec, annealing at 60°C for 15 sec, and a final extension
at 72°C for 15 sec. GAPDH was used as an internal control for
normalization. The relative quantity of mRNA was calculated
using the 224 method.

Western blot analysis. The cells were washed with ice-cold PBS
and lysed to release the whole proteins using RIPA buffer with
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Table I. Primer sequences utilized in RT-qPCR.

GenBank Product
mRNA accession no. Forward primer (5-3") Reverse primer (5'-3") size (bp)
GAPDH NM_002046 AGAAGGCTGGGGCTCATTTG AGGGGCCATCCACAGTCTTC 258
ATP5B NM_001686 CAGCAGATTTTGGCAGGTG CTTCAATGGGTCCCACCATA 70
ATP5] NM_001003703 GTTCTCCTCTGTCATTCGGTCA TCCAGATGTCTGTCGCTTAGAT 151
ATP5F1 NM_001688 ATTAGCGCAGAGACCTTCACT CGCCTCTTCTAGTTGGGCAAG 132
F1-ATPase ¢ X59066.1 TGCTGCCACTCAACAACT TGATAGTGCCCAACAAGG 218
Enolase 1 NM_001428 GCCGTGAACGAGAAGTCCTG ACGCCTGAAGAGACTCGGT 79
LDHA NM_005566.3 ATGGCAACTCTAAAGGATCAGC CCAACCCCAACAACTGTAATCT 86

LDHA, L-lactate dehydrogenase A; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; GAPDH, glyceraldehyde 3-phos-

phate dehydrogenase.

1 mM phenylmethanesulfonylfluoride (PMSF). The cell lysates
were transferred into a pre-cooled microfuge tube and constant
agitation was maintained for 30 min at 4°C. The protein extracts
were then centrifuged at 4°C for 20 min at 13,500 x g. The protein
content of the supernatant was collected, and the protein concen-
tration was determined by BCA assay. The protein extracts
(30 pug/sample) were subjected to electro-phoretic separation by
8 and 10% Tris-glycine sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred onto PVDF
membranes (Millipore) after being mixed with 5X loading
buffer and boiled for 8 min. The PVDF membranes were blocked
in TBST (Tris-buffered saline, 0.5% Tween-20) containing
5% BSA for 2 h and incubated overnight at 4°C with primary
antibodies to Akt (1:1,000), p-Akt (Thr308; 1:1,000), p-Akt
(Ser473; 1:1,000), mTOR (1:1,000), p-mTOR (Ser2448; 1:1,000),
p70s6k (1:1,000), p-p70s6k (Thr389; 1:1,000), GAPDH (1:1,000),
ATP5B (1:500) and ATP5J (1:500) in TBST containing 5% BSA.
The membranes were then incubated with HRP-conjugated goat
anti-rabbit or anti-mouse secondary antibody (1:5,000 dilution)
for 1 h at room temperature, and then visualized using an ECL
system (GE ImageQuant 350; GE Healthcare). Semi-quantitative
analysis was performed using Quantity One software (Bio-Rad).
GAPDH was used as an internal control for normalization.

Measurement of glucose consumption and lactate levels.
Glucose and lactate levels in the cell culture medium were
determined using a glucose/lactate assay kit (Jiancheng
Bioengineering Institute, Nanjing, China) according to the
manufacturer's instructions. Glucose consumption was calcu-
lated as the difference in glucose concentration as compared
with the control (0 h). Glucose consumption and lactate levels
were normalized against the cell numbers.

Measurement of ATP concentration. The ATP concentra-
tion was quantified using rLuciferase/Luciferin reagent
(Promega Corp., Madison, WI, USA) in a luminometer
according to the manufacturer's instructions. Briefly, 100 ul
protein lysate (1:100) were added to 100 pl rL/L reagent for
3 sec before the intensity of the emitted light was measured for
10 sec using the GloMax 20/20 luminometer (Promega Corp.).
The relative light units (RLU) of the samples were corrected by

subtracting the RLU of the blank samples containing the lysate
buffer instead of the protein sample. The ATP concentration
was determined by plotting an ATP standard curve and was
normalized to protein concentration.

Statistical analysis. All data presented are expressed as the
means + standard deviation (SD). Statistical analyses were
performed using Microsoft SPSS version 13.0 for Windows
(SPSS, Chicago, IL, USA). One-way analysis of variance
(ANOVA) with Tukey's post hoc analysis were used to deter-
mine the differences between 2 groups. A P-value <0.05 was
considered to indicate a statistically significant difference.

Results

Cyclic stretch promotes energy metabolism in osteoblast-like
MG-63 cells. Cyclic stretch for 4, 8 and 12 h significantly
promoted glucose consumption in MG-63 cells (P<0.05;
Fig. 1A). The lactate levels were also significantly upregulated
after the MG-63 cells were subjected to cyclic stretch for 8
and 12 h (P<0.05; Fig. 1B). Cyclic stretch for 4, 8 and 12 h
significantly upregulated the ATP concentration in the MG-63
cells (P<0.05), and this was particularly prominent at 12 h
([almost a 12-fold increase vs. the control group (0 h); Fig. 1C].
Cyclic stretch induced an increase in the mRNA expression of
ATPSB, ATP5F1, ATPSJ, F1-ATPase a, enolase 1 and L-lactate
dehydrogenase A (LDHA) in the MG-63 cells (Fig. 1D).
Furthermore, the results from western blot analyses revealed that
4,8 and 12 h of cyclic stretch significantly promoted the protein
expression of ATP5B and ATP5J in the MG-63 cells (P<0.05;
Fig. 1E). The increase in ATP5B protein expression induced by
cyclic stretch was further confirmed by immunofluorescence
staining, which revealed an obvious increase in the ATP5B
protein levels after 4, 8 and 12 h of cyclic stretch (Fig. 1F).

Cyclic stretch stimulates the activation of the Akt/mTOR/p70s6k
pathway in osteoblast-like cells. The basal protein levels of
Akt, mTOR and p70s6k and their phosphorylation levels were
not significantly altered in the MG-63 cells in the control group
throughout the 12 h of the experiment (Fig. 2A). Cyclic stretch
did not have a marked impact on the protein expression of Akt,
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Figure 1. Effects of cyclic mechanical stretch (10% elongation, 0.1 Hz) on the energy metabolism of osteoblast-like MG-63 cells. (A and B) Effects of cyclic
stretch for 1, 4, 8 and 12 h on glucose consumption and lactate levels in the medium in MG-63 cells (n=6). (C) Effects of cyclic stretch on adenosine tri-
phosphate (ATP) concentrations in MG-63 cells determined using a luminometer and rLuciferase/Luciferin reagent (n=3). (D) Measurement of the mRNA
expression of ATP5B, ATP5F1, ATPSJ, F1-ATPase a, enolase 1 and L-lactate dehydrogenase A (LDHA) in the cells after being subjected to cyclic stretch
by RT-qPCR (n=5). (E) Western blot analysis was used to measure the protein levels of ATP5B and ATPS5J in the MG-63 cells after being subjected to cyclic
stretch (n=3). (F) Immunofluorescence staining of ATP5B protein in MG-63 cells after being subjected to cyclic stretch (scale bar, 50 ym). Data are presented as
the means + SD. "P<0.05 and “P<0.01. Ctrl, control.
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Figure 2. Cyclic mechanical stretch activates the Akt/mammalian target of rapamycin (mTOR)/p70s6k pathway in osteoblast-like MG-63 cells. (A) Western blot
analysis of the stretch-induced protein expression of Akt, phosphorylated Akt (p-Akt on Thr308 and Ser473), mTOR, phosphorylated mTOR (p-mTOR, Ser2448),
p70s6k, and phosphorylated p70s6k (p-p70s6k, Thr389). (B) Immunofluorescence staining of stretch-induced protein expression of Akt, phosphorylated Akt (p-Akt,
Thr308), mTOR, and phosphorylated mTOR (p-mTOR, Ser2448) (scale bar, 50 ym). Data are presented as the means + SD (n=3). "P<0.05 and “P<0.01. Ctrl, control.

mTOR or p70s6k (P>0.05 for all time points), but induced a  confirmed by immunofluorescence staining, which revealed
significant increase in the phosphorylation of Akt, mTOR relatively unaltered Akt and mTOR levels, but higher expres-
and p70s6k [P<0.05 for all time points except p-Akt (Thr308)  sion levels of the phosphorylated proteins in the MG-63 cells
at 1 h] compared to the control. These findings were further  after being subjected to cyclic stretch (Fig. 2B).
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Figure 3. Wortmannin and rapamycin inhibit the stretch-induced activation of the Akt/mammalian target of rapamycin (mTOR)/p70s6k pathway in osteoblast-
like MG-63 cells. (A) Evaluation of the effects of wortmannin, rapamycin and DMSO on cell survival using cell counting kit-8 (CCK-8) cytotoxicity assays (n=4).
Cells were pre-treated with wortmannin (500 nM, inhibitor of Akt), rapamycin (55 nM, inhibitor of mTOR), and DMSO (0.025%, vehicle control) for 30 min and
then subjected to cyclic stretch for 8 h. (B-D) Western blot analysis was used to examine the effects of wortmannin and rapamycin on stretch-induced protein
expression: Akt, phosphorylated Akt (p-Akt, Thr308 and Ser473), mTOR, phosphorylated mTOR (p-mTOR, Ser2448), p70s6k and phosphorylated p70s6k
(p-p70s6k, Thr389). "P<0.05 and “P<0.01. Wort, wortmannin; rapa, rapamycin; ctrl, control.

Inhibition of Akt and mTOR halts the stretch-induced activa-
tion of the Akt/mTOR/p70s6k pathway in osteoblast-like
cells. As shown in Fig. 3A, treatment with 0.025% DMSO,
55 nM rapamycin and 500 nM wortmannin had no marked
effect on the survival of MG-63 cells, as determined using
CCK-8 cytotoxicity assays. As shown in Fig. 3B-D, wortmannin
abrogated the stretch-induced phosphorylation of Akt, mMTOR

and p70s6k, whereas rapamycin only suppressed the stretch-
induced phosphorylation of mTOR and p70s6k, but not that of
Akt.

Inhibition of Akt and mTOR abrogates the stretch-induced
increase in energy metabolism in osteoblast-like cells. The
upregulation of glucose consumption and lactate concentra-
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tions induced by 8 h of cyclic stretch was suppressed by
treatment with wortmannin and rapamycin (P<0.05; Fig. 4A
and B). The upregulation in the ATP concentration induced
by 8 h of cyclic stretch was also suppressed by treatment with
wortmannin and rapamycin (P<0.05; Fig. 4C). The cyclic
stretch-induced upregulation in the mRNA levels of ATP5B,
ATPSF1, ATPSJ, F1-ATPase a and LDHA was significantly
inhibited by treatment with wortmannin and rapamycin;
however, the levels of enolase 1 were not markedly inhib-
ited (P<0.05; Fig. 4E). Furthermore, the results form western
blot analysis revealed that treatment with wortmannin and
rapamycin abrogated the stretch-induced increase in the
protein levels of ATP5B and ATPS5J (Fig. 4D), which was
further verified by immunofluorescence staining of ATP5B
protein in the osteoblast-like cells (Fig. 4F).

Discussion

Studies have demonstrated the role mechanical stress plays
in regulating osteoblastic functions, such as cellular prolif-
eration, osteogenic differentiation, signal transduction and
apoptosis (14-16,26). Energy metabolism is essential to
maintaining the biological activities of osteoblasts (17). In the
present study, we revealed a novel mechanism in osteoblastic
mechanobiology, through which cyclic stretch promotes
osteoblastic energy metabolism by increasing the expression
of enzymes associated with energy metabolism, partially
through the Akt/mTOR/p70s6k signaling pathway. Firstly,
cyclic mechanical stretch promoted energy metabolism in the
MG-63 cells, which was evidenced by the increased glucose
consumption, and the increased levels of lactate, intracellular
ATP, and energy metabolism-related genes (ATP5B, ATP5F1,
ATP5J, F1-ATPase o, LDHA and enolase 1), and ATP5B and
ATP5]J proteins. Secondly, cyclic mechanical stretch stimulated
the activation of the Akt/mTOR/p70s6k pathway by prompting
the continuous phosphorylation of Akt, mTOR and p70s6k in
the MG-63 cells. Finally, the stretch-induced phosphorylation
of all the signal molecules was suppressed by wortmannin,
and the phosphorylation of mTOR and p70s6k was blocked
by rapamycin. In addition, wortmannin and rapamycin also
inhibited the stretch-induced responses of glucose consump-
tion, lactate levels, intracellular ATP levels, ATP5B and ATP5J
proteins and energy metabolism-related enzymes genes (apart
from enolase 1).

Energy metabolism is essential for maintaining the
biological functions and material metabolism in both organs
and cells (17). In the present study, we revealed that glucose
consumption and ATP levels were significantly increased in
the MG-63 cells after being subjected to cyclic stretch. These
results indicate that glucose may be the major fuel source for the
increase in ATP levels in mechanically stretched osteoblasts.
Furthermore, we demonstrated that cyclic stretch promoted the
mRNA and protein synthesis of mitochondrial ATP synthase
subunits, which have been demonstrated to control the synthesis
of ATP via oxidative phosphorylation in the presence of
transmembrane electroosmotic proton gradient generated by
electron transport chain (27,28). As demonstrated in the present
study, cyclic stretch accelerated the mRNA transcription of
LDHA, catalyzing the transformation of pyruvate into lactate
via aerobic glycolysis (29). Moreover, our results demonstrated
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that long periods of cyclic stretch (8 and 12 h) increased lactate
levels in MG-63 cells, suggesting that longer-period mechanical
loads promote the activation of the aerobic glycolytic metabolic
pathway and increase lactate levels. The reason is likely that
longer-period mechanical loads induce more cellular energy
and increase glucose consumption, but the glucose cannot be
effectively utilized via oxidative phosphorylation. As a result,
aerobic glycolysis is increased to supplement the cellular energy
needs. Our results also demonstrated that cyclic mechanical
stretch induced an increase in the gene transcription of
enolase 1, which has been shown to be a key glycolytic enzyme
catalyzing the formation of phosphoenolpyruvate (30). In addi-
tion, protein expression (ATP5B and ATP5F1) showed a greater
increase than the qPCR data in response to cyclic stretch. This
indicated that mechanical stretch may exert greater effects at
the translational level than the transcriptional level. A possible
reason is that proteins act as essential functional molecules
in fulfilling the requirements for stretch-induced osteoblastic
energy metabolism.

Our findings demonstrated that cyclic stretch promoted
osteoblastic energy metabolism by modulating the ATP
concentrations and enzyme expression associated with energy
metabolism. However, the underlying mechanisms of cyclic
stretch in regulating osteoblastic energy metabolism remain
unclear. The Akt/mTOR/p70s6k pathway has been proven to
play an important role in cellular functions, including transla-
tion, transcription and autophagy (18,19), as well as in energy
metabolism (20-24). Moreover, the following points also imply
the close correlation of mechanical stress, mTOR signals and
energy metabolism: i) tensile stretch induces the upregulation
of transforming growth factor-pf1 (TGF-f1) levels in human
osteoblast-like cells (31); ii) TGF-p1 modulates overexpres-
sion of glucose transporter 1, glucose uptake and metabolism
through the positive feedback in glomerular cells (32); and
iii) TGF-P1 also regulates the mTOR signals in human cancer
cells (33). Nonetheless, it is unclear as to whether cyclic stretch
activates the Akt/mTOR/p70s6k pathway and whether this
pathway plays a critical role in modulating osteoblastic energy
metabolism in response to cyclic stretch.

The present study demonstrated that cyclic stretch induced a
significant increase in the phosphorylation levels of Akt, mMTOR
and p70s6k in MG-63 cells. Moreover, we showed that Akt was
upstream of mTOR/p70s6k by studying the differential effects
of wortmannin (inhibiting Akt phosphorylation) and rapamycin
(inhibiting mTOR phosphorylation) on suppressing the stretch-
induced activation of the Akt/mTOR/p70s6k pathway.

Generally, growth factors, such as insulin-like growth
factors (IGFs), activate the PI3K pathway and in turn induce
the phosphorylation of Akt on Thr308, and then activate
mTOR complex 2 (mMTORC?2) via a series of complex events.
The activation of mTORC?2 then retroactively induces the
phosphorylation of Akt on Ser473. The phosphorylation of
Akt on Thr308 and Ser473 together induces the complete
activation of Akt (18,34). However, our results revealed
that the phosphorylation of Akt on Ser473 preceded the
phosphorylation of Akt on Thr308. The reason is likely that
mechanical stretch first induces the activation of mTORC?2,
as was demonstrated in a previous study, which showed that
mechanical loads induced the phosphorylation of Akt on the
Ser473 via the early activation of mMTORC2 in bone marrow-
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derived stem cells (BMSCs) (35). Furthermore, our results
revealed that the phosphorylation of mTOR and p70s6k both
preceded the phosphorylation of Akt on Thr308, indicating
that cyclic stretch activated the mTOR/p70s6k pathway ahead
of Akt. In the skeleto-muscular studies, it has been proven
that mechanical loads activate the mTOR/p70s6k pathway via
phosphatidic acid (PA) and phospholipase D (PLD) (36,37)
in the early phase rather than via the Akt pathway (38,39).
Thus, it can be inferred that cyclic stretch induces the early
activation of mTOR signaling in MG-63 cells through other
pathways (PA/PLD). Growth factors secreted by cells after
being subjected to cyclic stretch may also activate Akt
signaling, and subsequently activate the mTOR/p70s6k
pathway in the late phase of cyclic stretch.

Our findings further demonstrated that the inhibition of Akt
and mTOR in the MG-63 cells suppressed the stretch-induced
increase in glucose consumption, lactate levels, ATP levels,
ATP5B and ATPS5J protein expression as well as the increase
in the expression of energy metabolism-related enzyme genes,
indicating the significance of the Akt/mTOR/p70s6k pathway
in regulating osteoblastic energy metabolism. Of note, neither
wortmannin nor rapamycin suppressed the stretch-induced
enolase 1 gene transcription in the MG-63 cells, revealing
that Akt/mTOR/p70s6k is not the only signaling pathway
involved in modulating stretch-induced energy metabolism.
Thus, we conclude that stretch-induced energy metabolism
in MG-63 cells is partially dependent on the activation of
the Akt/mTOR/p70s6k pathway. It will also be worthwhile to
further explore other potential signaling pathways which may
be related to stretch-induced osteoblastic energy metabolism
in future studies.

Although the findings of the present study revealed the
potential mechanisms of stretch-induced energy metabolism
in MG-63 cells, partially through the Akt/mTOR/p70s6k
signaling pathway, the main limitation of the present study
was that we investigated the effects of cyclic stretch on
glucose consumption, lactate levels, ATP levels, and proteins
and mRNA expression of energy metabolism-related enzymes,
but investigating the role of cyclic stretch in regulating
osteoblastic oxidative phosphorylation and tricarboxylic
acid cycles fell outside the scope of this study. We aim to
investigate these issues in future studies, which may provide a
more comprehensive understanding of the regulatory roles of
mechanical stretch in osteoblastic energy metabolism.

In conclusion, the present study demonstrated that cyclic
stretch promoted energy metabolism in osteoblast-like MG-63
cells by regulating glucose consumption, lactate levels, ATP
levels and energy metabolism-related enzymes partially
through the Akt/mTOR/p70s6k signaling pathway. These
findings not only enrich our basic knowledge of the molecular
mechanisms involved in osteoblastic energy metabolism in
response to cyclic stretch, but also provide new insight into
the biological functions of osteoblasts from the perspective of
energy metabolism.
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