
91
ORIGINALS / Rev Osteoporos Metab Miner 2015 7;4:91-97

Maycas M1, Fernández de Castro L2, Bravo B2, García de Durango C2, Forriol F2, R. Gortázar A2, Esbrit P1

1 Laboratorio de Metabolismo Mineral y Óseo - Instituto de Investigación Sanitaria (IIS)-Fundación Jiménez Díaz - UAM - Madrid (España)
2 IMMA-Facultad de Medicina Universidad San Pablo-CEU - Madrid (España)

The VEGF (VEGFR2) 2 receptor
and PTH (PTH1R) 1 receptor act
as mediators in the anti-apoptotic
response to mechanical stimulus in
MLO-Y4 osteocyte-like cell 

Correspondence: Pedro Esbrit - Laboratorio de Metabolismo Mineral y Óseo - IIS-Fundación Jiménez Díaz - UAM -
Avda. Reyes Católicos, 2 - 28040 Madrid (Spain)
e-mail: pesbrit@fjd.es

Date of receipt: 15/09/2015
Date of acceptance: 06/11/2015

Fellow work to attend the 34th Congress of the ASBMR (Minneapolis, 2012).

Summary
Mechanical stimulation plays a crucial role in bone mineral maintenance. This stimulation prevents osteocy-
te apoptosis by a mechanism that involves β-catenin accumulation and nuclear translocation of extracellu-
lar-signal-regulated kinases (ERKs). The vascular endothelial growth factor (VEGF) and parathyroid hormo-
ne-related protein (PTHrP) modulate bone formation, although their interaction with osteocytes is unknown.
In this paper we have considered the possible role of VEGF (VEGFR2) 2 receptor and PTH (PTH1R) type
1 receptor in the anti-apoptotic response to mechanical stimulation of MLO-Y4 osteocyte-like cells. The cells
were subjected to mechanical stress by laminar fluid flow (10 min, 10 dinas/cm2) or hypotonic shock (240
mOsm, 1h), or stimulated with VEGF165 or PTHrP (1-36). We also compared the effects of overexpressed
VEGFR2 and mechanical stimulation of these cells. Mechanical stimulation, VEGF165 or PTHrP (1-36)  stimu-
lated cellular viability and β-catenin stabilization in a similar manner, associated with its localization in the
membrane. Mechanical stimulation increased PTH1R presence in the membrane. VEGFR2 inhibition as well
as the PTHrP (7-34) antagonist reduced these effects. On the other hand, VEGFR2 overexpression in MLO-Y4
cells mimicked the mechanical stimulation effect on β-catenin and cellular viability. Our findings support a
functional role for both systems, VEGF/VEGFR2 and PTHrP/PTH1R, in the early response to mechanical sti-
mulation in promoting osteocyte-like viability. 
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Introduction
The skeleton adapts its mass, macro and micro
architecture to changing mechanical forces1.
Physical activity increases bone formation while
immobilization increases bone resorption2-4.
Osteocytes, mostly bone cells, are differentiated
completed osteoblasts that are embedded in the
mineralized matrix which form a mechanosensiti-
ve network. Transgenic mice with ablation of the
osteocytes present trabecular and cortical bone
loss.5 This is consistent with the bone cells’ ability
to detect changes in mechanical loading and res-
ponse, coordinating osteoblast and osteoclast
function6-8.

Accumulating evidence indicates that mechani-
cal forces regulate the viability of osteocytes by ill-
defined mechanisms. In vivo studies in rodents
and in vitro in cultured osteocyte-like cells
demonstrate that physiological levels of mechani-
cal loading reduce osteocyte apoptosis, whereas
the lack of mechanical stimuli promotes it4,9,10.
Activation of the Wnt/β-catenin pathway, an
important regulator of osteoblastic proliferation
and differentiation11, is essential for increased
bone formation in response to mechanical loa-
ding12,13. Mechanical stimulation of osteocytes in
the mouse ulna causes rapid activation of this
pathway13 associated with a reduced expression of
Sost/sclerostin, an inhibitor of bone formation14.
The role of prostaglandin E2 and NO has been
suggested and the phosphatidylinositol 3 -kina-
se/Akt pathway in stabilizing β-catenin and cell
survival by mechanical stimulation in osteocy-
tes15,16. Recent findings indicate that mechanical sti-
mulation promotes the formation of a signaling
complex consisting of integrins, Src kinase, focal
adhesion kinase and caveolin-1, resulting in the
phosphorylation and nuclear translocation of
extracellular signal-regulated kinase (ERK)17,18.

The anabolic action of parathyroid hormone
(PTH) has been shown to depend largely on its
anti-apoptotic effect through the type 1 PTH
receptor (PTH1R) in osteoblasts and osteocytes19,20.
Mice heterozygous deletion of the gene for PTH-
related protein (PTHrP), local counterpart bone,
osteoblasts show osteopenia associated with
decreased survival of osteoblasts and osteocytes21.
Furthermore, mice with conditional suppression of
PTH1R osteocytes specifically exhibit altered
homeostasis of calcium and osteopenia22. In con-
trast, mice with constitutive overexpression of this
receptor in the osteocytes show increased perios-
teal bone formation, associated with activation of
the Wnt pathway and decreased osteoblastic
apoptosis23. PTH1R’s possible mediating role in the
maintenance of bone mass by mechanical stimuli
is, nevertheless, unknown. In this respect, there
appears to be a synergistic effect of the mechani-
cal load and the anabolic action of PTH on bone
formation and resistance in the long bones of
rats24. In vitro, the fluid flow has been shown to
alter the conformation of PTH1R in osteoblastic
cells MC3T3-E125. Moreover, also in vitro, mecha-
nical stimulation induces gene expression of

PTHrP local ligand of PTH1R in the bone, in oste-
oblastic cells and osteocytes26. Furthermore, the
vascular endothelial growth factor (VEGF) is an
important angiogenic factor, modulator of bone
formation and repair, mainly through its receptor
2 (VEGFR2)27. VEGF / VEGFR2 system is an impor-
tant mediator of proliferation, survival and diffe-
rentiation of osteoblasts and osteoclasts28,29. The
VEGFR2 mediates the actions of PTHrP on the dif-
ferentiation and apoptosis in osteoblasts29-31. In
endothelial cells, this receptor is activated by
mechanical stimuli in a manner independent of
ligand VEGF32. 

In the present study, we evaluated the possible
involvement of PTHrP/PTH1R and VEGF/VEGFR2
systems in the survival of MLO-Y4 osteocyte cells
promoted by mechanical stimulation.

Material and methods
Cell cultures: The MLO-Y4 and MLO-Y4-GFP cells,
kindly provided by Dr. Lynda Bonewald (University
of Missouri, Kansas City, Missouri, USA) and Dr.
Teresita Bellido (Indiana University, Indianapolis,
Indiana, USA), respectively were grown in culture
medium α-MEM supplemented with fetal bovine
serum (FBS) 2.5% calf serum (CS) 2.5% and 1%
penicillin streptomycin in a humidified atmosphere
of 5% CO2, at 37°C. Cells were cultured at a density
of 20,000 cells / cm2 in culture dishes or glass slide
both coated with collagen (FlexCell, Hillsborough,
NC, USA); the next day fresh medium was added
for 24 h. Then the cells were subjected or not (con-
trols) to mechanical stimulation by shear stress or
by laminar fluid flow or by several exposures to
hypotonic medium, as described below. Cells were
pre-incubated with PTHrP (1-36) (100 nM), gene-
rously supplied by Drs. A. F. Stewart and A. Garcia
Ocana (Faculty of Medicine, University of
Pittsburgh, Pennsylvania, USA.), or VEGF165 (6 ng /
ml) (Calbiochem, Darmstadt, Germany)  as ago-
nists, or the following antagonists and inhibitors: [
Asn10, Leu11, D-Trp12] PTHrP (7-34) amide [PTHrP (7-
34)] (1 M) and JB 4250 (1 μM)6; VEGF neutralizing
monoclonal antibody (0.1 mg/ml) (R & D Systems,
Minneapolis, Minnesota, USA); or SU5416, an inhi-
bitor of phosphorylation of VEGFR2 (1 M)
(Calbiochem). These agents are added 30 min -1
hour prior to mechanical stimulation.

Mechanical stimuli: Cells were subjected or not
(control) to fluid flow at a rate of 10 dynes/cm2,
8Hz, for 10 min in a Flexcell® Streamer® Shear7

stress device. Osmotic shock was carried out by
replacing the culture medium in the cell culture
plate by a hypotonic solution (240 mOsm) for 1 h.
Cell exposure to the isotonic solution (317 mOsm)
was used as control. After mechanical stimulation,
protein extracts were collected and the cells were
incubated with pro-apoptotic agent (etoposide)
for 6 h.

Immunocytochemistry: Cells were fixed with 2%
p-formaldehyde and permeabilization treatment
with 0.1% Triton in phosphate buffered saline
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(PBS). Non-specific binding was blocked with
bovine serum albumin 5%, followed by overnight
incubation with primary polyclonal anti- -catenin
rabbit (Abcam, Cambridge, Massachusetts, USA) in
a cold, humid chamber. Cells were washed with
0.1% Triton-PBS before incubation for 1 h with
anti-rabbit IgG conjugated with Alexa Fluor 546
(Invitrogen, Groningen, Netherlands). The micro-
graphs were obtained using a fluorescence
microscope.

Cell Transfection: Cells were transfected with a
plasmid expressing a dominant negative VEGFR2
(dnVEGFR2), a plasmid overexpressed VEGFR2
(provided by Dr. Alex Ullrich, Max-Planck Institute
of Biochemistry, Martinsried, Germany) or empty
vector (pcDNA, Invitrogen) using Lipofectamine
LTX Plus (Invitrogen) following the manufacture-
r's instructions.

Assays of cell death/apoptosis: The MLO-Y4 cells
were exposed to etoposide (50 µM) for 6 h to
induce apoptosis after mechanical stimuli. Cell via-
bility was determined by trypan blue exclusion
and apoptosis in MLO-Y4-GFP cells was assessed
by visualizing chromatin condensation and / or
nuclear fragmentation. The percentage of nonvia-
ble cells to total cell number was calculated in
each case. Etoposide induced cell death in these
cells represented 13.6±0.8% or 30.3±0.4%, by
trypan blue exclusion or nuclear morphology res-
pectively. These values were normalized to 100%
in Figs. The corresponding values of untreated
cells with etoposide were 1±0.5 and 1.2±0.5% res-
pectively.

Western blotting: Analysis of sub-cellular fractiona-
ted samples (Pierce, Rockford, IL) was used to
obtain extracts of membrane and nuclear protein.
These extracts (25-30 g) were then separated by
SDS-PAGE (8-12% polyacrylamide) and transferred
to nitrocellulose membranes (GE-Amersham,
Pittsburgh, Pennsylvania, USA). The membranes
were blocked with 2.5% skimmed milk in 0.1%
Tween-PBS at room temperature for 1 h and sub-
sequently incubated overnight at 4C with the
following rabbit polyclonal antibodies: anti-β-cate-
nin (Abcam); anti-PTH1R (Ab-IV, Covance,
Berkeley, California, USA); and anti-ERK1/2 (Cell
Signaling, Beverly, Massachusetts, USA). As loa-
ding controls, the following antibodies were used:
goat polyclonal anti-β-actin (Santa Cruz
Biotechnology, Santa Cruz, California, USA) or
monoclonal mouse anti-α-tubulin (Santa Cruz
Biotechnology). Then the corresponding secon-
dary antibody coupled to horseradish peroxidase
(Santa Cruz Biotechnology) was added. Detecting
the luminescent signal in the membranes was per-
formed with the ECL system (GE-Amersham) and
band intensities were quantified using densito-
metry.

Statistical analysis: Results are expressed as mean
± SEM. Statistical analysis between two groups

was performed using the Mann-Whitney. A p
<0.05 was considered significant.

Results
Treating MLO-Y4 osteocyte cells with two diffe-
rent methods of mechanical stimulation was found
to protect etoposide-induced cells from death
(Figure 1). Mechanical cell stimulation by fluid
flow for 10 min at 10 dynes/cm2 protected from
apoptosis induced by etoposide exposure for 6 h
(Figure 1A). This protective effect was blocked by
cell pretreatment with a selective inhibitor of
VEGFR2, SU5416 (1 µM). Mechanical stimulus pro-
tection was reproduced by the pre-treatment of
cells with 6 ng/ml of VEGF (Figure 1A).
Furthermore, cells were submitted to mechanical
stimulation by exposure to hypo-osmotic buffer
for 1 h, which also induced protection against eto-
poside. This protective effect was blocked by pre-
treatment with PTH1R inhibitor, PTHrP (7-34)
(Figure 1B). As observed previously with VEGF,
PTHrP (1-36) pre-treatment reproduced the pro-
tective effect of osmotic shock (Figure 1B).

Translocation of ERK to the nucleus is a requi-
rement for survival induced by mechanical stimu-
li. Thus, we observed that stimulation by fluid
flow (10 min, 10 dynes/cm2) induced an increase
in ERK in the nucleus of MLO-Y4 cells (Figure 1C).
This effect was blocked by pretreatment with an
anti-VEGF antibody, as well as inhibitors of
VEGFR2 and PTH1R, SU5416 and JB4250, respec-
tively (Figure 1C). It is also known that the Wnt/β-
catenin pathway is involved in mechanotransduc-
tion in osteocytes. Observed by immunocytoche-
mistry and Western that mechanical stimulation of
MLO-Y4 cells induced rapid translocation of β-
catenin to the cell membrane (Figures 2A and 2B)
transfer; an effect blocked by antagonists VEGFR2
and PTH1R, SU5416 and PTHrP (7-34), respecti-
vely, and by an anti-VEGF antibody. Similarly,
osmotic shock induced translocation of β-catenin
membrane (Figure 1C). The involvement of
VEGF/VEGFR2 system in mobilizing the β-catenin
membrane by mechanical stimulation was also
analyzed by transfection of MLO-Y4 cells with a
plasmid that overexpresses VEGF or dnVEGFR2.
Overexpression of VEGF in these cells reproduced
translocation of β-catenin membrane; whereas this
mobility induced by mechanical stimulation did
not occur in cells with dnVEGFR2 (Figure 3).

Furthermore, we wanted to study if mechanical
stimulation modulated the location PTH1R in
these membrane osteocytic cells. We note that
both osmotic stress treatment and PTHrP (1-36)
increased protein levels exogenous receptor in the
membrane of MLO-Y4; while antagonists PTH1R,
PTHrP (7-34) and JB 4250, blocked osmotic shock
effects (Figure 4).

Discussion
Osteocyte viability, essential for the maintenance
of bone mass and strength, is compromised in
situations of osteopenia/osteoporosis33,34. Under
physiological conditions, the viability of osteocy-



ORIGINALS / Rev Osteoporos Metab Miner 2015 7;4:91-97
94

tes remains critical levels of mechanical loading
through poorly defined mechanisms33. In vitro stu-
dies in cells of MLO-Y4 have shown that stretching
induces cellular anti-apoptotic response through a
mechanism involving a complex signaling related
to nuclear translocation ERK4,18. It has also been
shown recently that the viability of MLO-Y4 cells
induced by mechanical stimulation is modulated
by the interaction between the pathways of cave-
olin-1/ERK and Wnt/β-catenin18. In this study we
observed that both systems, PTHrP/PTH1R and
VEGF/VEGFR2, are involved in protection against
cell death by apoptosis which give the osteocytic
cells two different mechanical stimuli, and osmo-
tic shock fluid flow.

It has previously been shown to express the
PTH1R osteocytes and respond to stimulation with
PTH35, an important calciotropa hormone respon-
sible for calcium homeostasis in physiological
conditions. Recent studies in genetically enginee-
red mice indicate that the action of PTH requires
a functional PTH1R in osteocitos22. From a phar-
macological perspective, intermittent administra-
tion of PTH in mice attenuates rapidly osteoblast
apoptosis in the vertebrae; this effect appears to
be only a consequence of direct hormone action
on osteoblasts, but also indirectly through its inhi-
bitory effect on the expression of Sost/sclerostin in
osteocytes20,36,37. Furthermore, in these cells PTH1R
appears to play a key role in bone anabolic res-
ponse to mechanical loading38. In this sense, des-
cribed in rodents induced bone anabolism inter-
mittent administration of PTH is enhanced by
mechanical stimulation25,39. The functional interac-
tion between mechanical stimulation and PTH is
supported by in vitro studies using primary cultu-
res of osteocytes32. Thus, the present data suggest
that the osteocytes PTH1R integrates mechanical
and hormonal for coordinated regulation of bone
formation signals.

Moreover, our results indicate that VEGFR2 is
critical for both the translocation of β-catenin to
the cell membrane and for ERK to the nucleus.
The system of VEGF is involved in the mecha-
nisms of survival in various cell types including
osteoblasts29,30,40. This growth factor promotes sur-
vival of endothelial cells by stimulating the forma-
tion of a multi-transmembrane protein complex
that includes VEGFR2, VE-cadherin and β-cateni-
na40. Our results demonstrate that, immediately
after stimulation by fluid flow, the β-catenin was
translocated to the membrane of MLO-Y4 osteocy-
te cells associated with VEGFR2 activation. The
possibility that this may occur in vivo mechanism
to explain the observed in response to mechanical
stimulation requires further studies in animal
models for osteocyte survival.

In summary, our in vitro results support an
important role both for VEGFR2 and PTH1R as
mechanisms that promote the viability of osteocy-
tes after mechanical stimuli.
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vs isotonic basal medium; $p<0.05 vs basal in hypotonic medium. (C) nuclear ERK expression was assessed by
western blot after fluid flow or static control, after pre-incubation with the indicated agonist or antagonist for
30 min. Load control was verified by Ponceau S staining (not shown). The results of a representative experi-
ment are shown
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