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Abstract

Several neuropeptides present in bone tissues, produced by nerve fibers and

bone cells, have been reported to play a role in regulating the fine-tuning of

osteoblast and osteoclast functions to maintain bone homeostasis. This study

aims to characterize the influence of the neuropeptide vasoactive intestinal

peptide (VIP) on the differentiation process of human mesenchymal stem cells

(MSCs) into osteoblasts and on their anabolic function. We describe the

mRNA and protein expression profile of VIP and its receptors in MSCs as they

differentiate into osteoblasts, suggesting the presence of an autocrine signaling

pathway in these cells. Our findings reveal that VIP enhances the expression

of early osteoblast markers in MSCs under osteogenic differentiation and

favors both bone matrix formation and proper cytoskeletal reorganization.

Finally, our data suggest that VIP could be exerting a direct modulatory role

on the osteoblast to osteoclast signaling by downregulating the receptor activa-

tor of nuclear factor-κB ligand/osteoprotegerin ratio. These results highlight

the potential of VIP as an osteoinductive differentiation factor, emerging as a

key molecule in the maintenance of human bone homeostasis.
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1 | INTRODUCTION

Physiological bone remodeling and bone homeostasis
depend to a large extent on the dynamic coupling

between osteoclastic resorption and osteoblastic osteo-
genesis. The fine-tuning of this system is essential for the
proper maintenance of the skeleton and for fracture heal-
ing.1 Therefore, when such a fine equilibrium is patho-
logically disrupted in favor of bone erosion, homeostasis
is compromised. In some pathological conditions, such as
osteoporosis, resorption exceeds formation, compromis-
ing bone integrity. In others, resorption occurs
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autonomously without direct association with subsequent
bone formation, leading to focal bone loss, as observed in
rheumatoid arthritis (RA).2,3

Osteoblasts are cuboidal shaped cells responsible for
bone matrix synthesis and mineralization mostly located
on active bone-forming surfaces. These cells arise from
the sequential commitment of undifferentiated mesen-
chymal stem cells (MSCs) to the osteoblastic linage.4

Upon osteoblastic commitment, preosteoblasts undergo
proliferation, exit the cell cycle and initiate an early dif-
ferentiation to immature osteoblasts, characterized by the
secretion of bone matrix proteins.5 The maturation of
extracellular matrix is followed by calcium deposition
that depends on the expression of alkaline phosphatase
(ALP) by phenotypically mature osteoblasts, thus mediat-
ing the extracellular matrix mineralization.6 Therefore,
the osteoblastogenic process actually involves a tightly
organized sequence of biochemical events controlled by
numerous signals. Among them, the transcription factor
Runx2 is recognized as a key molecular switch in osteo-
blast differentiation, being essential for both the attenua-
tion of osteoblast growth and the activation of genes
encoding major osteoid proteins, such as type I collagen.
In turn, this osteoblast master regulator is modulated by
different upstream signaling pathways, including the
Wnt/β-catenin system.7 Moreover, cell adhesion dynam-
ics and structural changes in F-actin networks are impor-
tant events during osteoblastogenesis.8 Differentiating
osteoblasts adhere to the extracellular matrix through
focal adhesion complexes involving vinculin, which plays
a key role in the dynamic of these molecular complexes.9

When MSCs undergo osteogenic differentiation, the actin
cytoskeleton becomes more diffuse, and the distribution
of focal adhesions changes.8 This cytoskeletal rearrange-
ment is accompanied by changes in cell morphology and
cytoskeletal tension, which are suggested to ultimately
regulate the spatiotemporal genetic program that governs
osteoblast commitment and maturation.10,11

Multilayered control of MSCs osteodifferentiation is
in accordance with the crucial role of osteoblasts in the
maintenance of bone homeostasis. In fact, normal bone
metabolism relies on the balance between its osteogenic
activity and osteoclast-mediated osteolysis, being further
orchestrated by a variety of autocrine and paracrine fac-
tors ranging from systemic hormones to local osteotropic
cytokines and growth factors.12,13 One of the main cross-
talking pathways between osteoblast and osteoclast is the
receptor activator of nuclear factor-κB ligand/
osteoprotegerin (RANKL/OPG) system. RANKL, mainly
produced by osteoblasts, binds to its receptor RANK on
osteoclast precursors and stimulates their differentiation,
activity, and survival. This osteoclastogenic signaling can
in turn be blocked by OPG, a decoy receptor for RANKL

also secreted by osteoblasts.14,15 Besides, several lines of
evidence indicate that neuropeptides released from skele-
tal nerve fibers, and in some cases, by bone cells, are like-
wise involved in the complex network of signals
regulating bone homeostasis.16–19

The vasoactive intestinal peptide (VIP) is a ubiquitous
neuropeptide expressed in both the peripheral and cen-
tral nervous system as well as in immune and endocrine
cells. The presence of VIP-immunoreactive nerve fibers
has been demonstrated in bone and periosteum tissue in
several mammalian species, including humans.20,21 More
recently, immunohistochemistry has shown that VIP is
expressed in the subchondral bone, bone marrow cavi-
ties, and bone cells of patients with osteoarthritis.19

According to its wide distribution, VIP exhibits pleiotro-
pic effects in physiological and pathological conditions,
which are mainly exerted through two specific G protein-
coupled receptors, VPAC1 and VPAC2. In fact, VIP has
shown potent anti-inflammatory and immunomodula-
tory properties in different inflammatory/autoimmune
contexts.22 In particular, findings from murine models of
RA and human studies have evidenced a protective
action of VIP on bone destruction, which is likely associ-
ated with a decreased RANKL/OPG ratio.23–25 Further-
more, VIP has also demonstrated anti-osteoclastogenic
effects in animal models and in human cells, impairing
both differentiation and resorption activity.25–29 How-
ever, data on human osteoblasts are very scarce and lim-
ited to describing the presence of functional VIP
receptors in human periosteum-derived osteoblastic cells
(SaM-1) and human osteosarcoma-derived cells (SaOS-2,
HOS, and MG-63).30–33

This study aims to address the research gap regarding
the influence of VIP on the differentiation process of
human MSCs to osteoblasts and on their anabolic func-
tion. We further analyze whether such potential osteo-
genic effects are accompanied by a modulation of the
osteoblast regulatory activity on osteoclastogenesis. Over-
all, our results could represent a key first step in deci-
phering the involvement of VIP in the maintenance and
restoration of human bone homeostasis, as it might play
a pivotal role in coordinating osteoblast and osteoclast
biology.

2 | MATERIALS AND METHODS

2.1 | Osteogenic differentiation cell
culture

Bone marrow-human mesenchymal stem cells
(BM-hMSC) from four healthy donors (two men and two
women) belonging to different ethnicities and age ranges

CASTRO-VÁZQUEZ ET AL. 1149



(30–50 years) were used. These cells were obtained com-
mercially from StemCell Technologies (Catalog #70071)
and are characterized for MSC specific markers and
tested for their ability to differentiate in vitro into the dif-
ferent linages. Culture wells were previously treated with
a commercial attachment solution to facilitate cell adher-
ence. Then, BM-hMSC were plated at 8 � 103 cells/cm2

in 24-well plates and 8-well chambers in MesenCult™-
ACF Plus medium (StemCell) supplemented with 1%
penicillin/streptomycin (Cultek), 1% glutamax
(Sigma-Aldrich), and 0.2% of its specific commercial sup-
plement. Once the cells reached 90% confluency, osteo-
genic induction was performed. MesenCult medium was
exchanged for Osteogenic Differentiation medium
(StemCell) supplemented with 1% penicillin/streptomy-
cin, 1% glutamax and 20% of its specific commercial sup-
plement, medium was changed every 3 days. At this
point, 10�8 M VIP (Bachem A.G.) was added to some of
the wells. As previously described,34 differentiation cul-
tures in the presence and absence of the neuropeptide
were maintained over 14 days at 37�C in a humidified
atmosphere containing 5% CO2.

The optimal dose of VIP for our study was selected
based on a preliminary experiment using osteoblast dif-
ferentiation cultures of an human telomerase reverse
transcriptase (hTERT) immortalized adipose-derived
mesenchymal stem cell line. The effect of different con-
centrations of VIP (10�6, 10�7, and 10�8 M) on the gene
expression of the osteogenic master regulator Runx2 was
studied on Days 1, 4, and 7. Results indicated that
10�8 M was the most effective concentration of VIP for
upregulating the mRNA levels of Runx2 (data not shown)
and therefore the optimal concentration for studying the
osteoinductive effects of VIP.

2.2 | Real-time polymerase chain
reaction (PCR) analysis

Total RNA from both BM-hMSC and cells under osteo-
blast differentiation conditions on Days 1, 4, 7, 10 and
14 was extracted using TriReagent (Sigma-Aldrich). RNA

quantity and purity were measured on NanoDrop®, and
2 μg were used for complementary deoxyribonucleic acid
(cDNA) synthesis using a High-Capacity cDNA Reverse
Transcription Kit (Life Technologies).

Specific TaqMan probes for target genes (CTNNB1,
RUNX2, COL1A1, TNFSF11, TNFRS11B, VIPR1, and
VIPR2) and one house-keeping gene (glyceraldehyde
3-phosphate dehydrogenase (GAPDH)) with manufacturer-
predesigned primers were used along with TaqMan Gene
Expression Master Mix (Applied Biosystem) to perform
real-time PCR analyses. For the VIP gene, transcript levels
were analyzed by semi-quantitative PCR with SYBR®

Green PCR Master Mix (Promega) using GAPDH as the
house-keeping gene. The sequence of primers used and
accession numbers of the genes analyzed with SYBR®

technology are summarized in Table 1. Assays were made
in triplicate, and results were normalized according to the
expression levels of GAPDH.

2.3 | Western blot analysis of VPAC
receptors, β-catenin and Runx2

Protein extracts were obtained in ice-cold radioimmuno-
precipitation assay buffer (Thermofisher). Protein extracts
(25 μg for β-catenin and Runx2 and 30 μg for VIP recep-
tors) were subjected to 10% sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS–PAGE) and
transferred to polyvinylidene difluoride membranes. After
blocking, membranes were incubated overnight at 4�C
with mouse monoclonal anti-human β-catenin (1:1000,
Invitrogen), rabbit monoclonal anti-human Runx2 (1:500,
Invitrogen), rabbit polyclonal anti-human VPAC1
(1:10000, Thermofisher), and mouse monoclonal anti-
human VPAC2 (1:1000, Abnova). Rabbit anti-GAPDH
(1:5000, Sigma-Aldrich) was used as a loading control.
Then, anti-rabbit and anti-mouse horseradish peroxidase
(HRP)-conjugated secondary antibodies (1:5000, ECL)
were used, and proteins were detected using SuperSignal
WestPico Chemiluminiscent System (Cytiva Amersham).
Results were analyzed using the Bio-Rad Quantity One
program and normalized against GAPDH.

TABLE 1 Sequence of primers and accession numbers of the genes analyzed.

Gene GenBank accession no. Sequence position Primers Sequence

VIP NM_003381.4 98–209 hVIP Forward:
50-TCAGCACCTAAGACAGCTCCA-30

Reverse:
50-AGCACACTGAGAAGAGTCAGG-30

GAPDH NM_002046.7 57–130 hGAPDH Forward:
50-AGCCACATCGCTCAGACAC-30

Reverse:
50-GAGTTAAAAGCAGCCCTGGTG-30
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2.4 | Determination of intracellular
cyclic adenosine monophosphate (cAMP)
concentrations

Levels of cAMP were determined by the HitHunter
cAMP Assay for Small Molecules Kit (DiscoverX). On the
seventh day of the osteogenic process, 40 � 103 cells were
stimulated with 10�8 M VIP, 10�8 M VPAC1 agonist
[Lys15Arg16Leu27VIP(1–7)-GRF(8-27)] (Bachem, Buben-
dorf, Switzerland) or 10�8 M VPAC2 agonist
(RO 25-1553; Bachem). After 30 min at 37�C, the reaction
was terminated, and cells were lysed. Concentration of
cAMP in the lysates was measured according to the man-
ufacturer's instructions.

2.5 | Measurement of vasoactive
intestinal peptide levels in culture
supernatants

Levels of VIP were assessed using a commercially avail-
able competitive enzyme-linked immunosorbent assay
(ELISA) kit (Phoenix Pharmaceuticals) according to the
manufacturer's instructions. Supernatant samples were
concentrated at 2:1 using the Eppendorf Concentrator
Plus. Thanks to the establishment of a standard curve
with known concentrations and its extrapolation, super-
natant VIP levels were determined, applying the corre-
sponding dilution factor. Each sample was assayed twice.

2.6 | Evaluation of alkaline phosphatase
concentration in culture supernatants

After 10 days of BM-hMSC culture in osteogenic differen-
tiation medium, evaluation of ALP levels in culture
supernatants was assessed by means of a commercial kit
(MAK447-Sigma Aldrich) according to the manufac-
turer's instructions. The enzyme present in the sample
hydrolyzes the p-nitrophenyl phosphate of the kit's work-
ing reagent, resulting in a yellow-colored reaction. The
absorbance at 405 nm was measured at time 0 and after
4 min of said reaction. All generated data were included
in the instruction's formula so that ALP units per liter of
sample could be calculated.

2.7 | Quantification of calcium deposits
through alizarin red stain

On Day 10 of osteogenic differentiation cultures, the min-
eralizing activity of cells was assessed following a method

similar to an already published protocol.35,36 Cells were
fixed and then stained with alizarin red (pH 4.2, Sigma)
for 20 min in the dark at room temperature. After wash-
ing, only the calcium deposits produced by the cells were
stained bright red. These results were photographed with
a microscope coupled to a Nikon DS-Ri2 camera. To
quantify the amount of alizarin red bound to the mineral-
ized matrix, the staining was solubilized in a 10% cetyl-
pyridinium chloride (CPC) solution (pH 7, Sigma) for
30 min. The optical density (OD) values were measured
at 562 nm and the results were interpolated in a standard
line prepared in the range 0.03–2 mM with alizarin red
solubilized in CPC.

2.8 | Detection of F-actin and vinculin by
confocal fluorescence microscopy

Immunocytochemistry studies were performed with
the Actin Cytoskeleton/Focal Adhesion Staining Kit
(FAK100, Sigma-Aldrich). BM-hMSC were seeded into
8-well chambers (Ibidi) and cultured for 4 days under
osteogenic differentiation conditions. On Day 4, cells
were fixed with 4% paraformaldehyde for 15 min and
permeabilized with 0.1% Triton/phosphate-buffered
saline (PBS) for 5 min. Once cells were blocked with
5% bovine serum albumin (BSA)/PBS for 30 min at
room temperature (RT), the samples were incubated
for 1 h at RT with mouse anti-human vinculin (1:250)
and TRITC-conjugated phalloidin (for F-actin labeling)
(1:500). After washing, cells were incubated in dark-
ness with Alexa Fluor 488 goat anti-mouse
(Thermofisher) (1:500) for 1 h at RT. Lastly, nuclei
cells were counterstained with 40,6-diamidino-
2-phenylindole (DAPI) 1:1000. Fluorescence was exam-
ined using a Leica SP-8 LIGHTNING confocal micro-
scope (Leica DM IRE2; objective 40x; Leica
Microsystems). Acquired images were processed by
FIJI-Image J software.

2.9 | Statistical analysis

Data were analyzed using GraphPad Prism 8.0 software.
Parametric variables were analyzed via t-test and analysis
of variance (ANOVA) together with Dunnett's post hoc
test, while non-parametric variables were analyzed using
the Mann–Whitney U test. Two-sided p-values less than
0.05 were considered significant (*p < 0.05; **p < 0.01;
***p < 0.001). G*Power software was used to estimate the
number of independent experiments required for statisti-
cal analysis.
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3 | RESULTS

3.1 | Characterizing the VIP/receptor
axis in human osteoblast differentiation
in vitro

To determine the expression pattern of VIP and its recep-
tors, VPAC1 and VPAC2, mRNA levels were analyzed by
real-time PCR in donor BM-hMSCs and on Days 1, 4,
7, 10, and 14 of osteogenic differentiation cultures.

VIP gene expression was detected both in mesenchy-
mal cells prior to osteogenic induction and in osteoblasts
during the last stages of their differentiation, showing a
reduction of VIP transcript levels on Day 7, which was
reversed on Days 10 and 14 reaching values above those
of the BM-hMSCs (Figure 1A). VIP was also quantified
by ELISA in the culture supernatants after 10 days of
osteogenic induction, obtaining a concentration of 517.8
± 9.4 pg/mL (Figure SS1).

VPAC1 and VPAC2 gene expression was observed at
different time points during the 14 days of human osteo-
blast differentiation period in vitro. The results revealed a
greater expression of VPAC1 compared to VPAC2
(p < 0.001 for Days 1, 4, 7, and 14 and p = 0.003 for Day
10) (Figure 1B). Moreover, this pattern was stable during
the osteogenic process, showing no differences in the
ratio VPAC1/VPAC2 (data not shown). To confirm
the protein expression of VIP receptors in human osteo-
blasts, VPAC1 and VPAC2 were detected by Western blot
and quantified (Figure 1C), confirming the results
obtained at the RNA level.

Having characterized the expression of both receptors
and knowing that adenylate cyclase activation is the
main pathway mediating the effects of VIP, the function-
ality of VPAC1 and VPAC2 was studied through cAMP
quantification. Stimulation with 10�8 M VIP, VPAC1
agonist, or VPAC2 agonist significantly increased intra-
cellular levels of cAMP (p < 0.001, p = 0.001, and
p = 0.001, respectively) in osteoblast differentiated for
7 days (Figure 1D).

3.2 | VIP upregulates the expression of
β-catenin and Runx2

We next elucidated whether the presence of VIP during
in vitro differentiation modulates the expression of two
master regulators of this process: β-catenin (CTNNB1)
and Runx2 (RUNX2).

Relative gene expression was analyzed by real-time
PCR in BM-hMSCs and after 1, 4, and 7 days of osteo-
genic induction in the presence or absence of VIP
10�8 M. Both genes showed higher expression when the

differentiation was performed in the presence of VIP,
with significant differences at Day 4 for CTNNB1
(p = 0.0093) (Figure 2A) and at Day 7 for RUNX2
(p < 0.001) (Figure 2B).

Protein levels of β-catenin and Runx2 were also quan-
tified by Western blot after 7 days of culture of Human
bone marrow mesenchymal stem cell (hBM-MSCs) with
osteogenic medium in the presence or absence of VIP
10�8 M. The results confirmed the mRNA data, showing
a significant increase of β-catenin (p = 0.030) and Runx2
(p = 0.032) in those cells differentiated in the presence of
VIP (Figure 2C,D).

3.3 | VIP enhances type I collagen
expression and cytoskeletal changes
associated with osteoblast differentiation

To explore the influence of VIP on the osteogenic pro-
cess, we next characterized the genetic expression profile
of type I collagen (COL1A1), an early gene marker of
osteoblast differentiation, by real-time PCR at Days 1, 4,
7, and 14 of BM-hMSCs cultured under osteogenic induc-
tion in the presence or absence of VIP 10�8 M. A similar
pattern of COL1A1 gene expression was observed
throughout osteogenesis in both conditions. However,
cells maintained in differentiation conditions in the pres-
ence of VIP reached the maximum expression earlier,
which also exceeded that of cells cultured under basal
conditions (p = 0.009) (Figure 3A).

To elucidate the effect of VIP on cytoskeletal reorga-
nization associated with MSCs osteogenic differentiation,
immunofluorescence staining of both F-actin and vincu-
lin of focal adhesions was performed on Day 4 of the dif-
ferentiation cultures in presence or absence of VIP.
Qualitative observation of the confocal images obtained
(Figure 3B) suggested differences in the thickness of actin
filaments and in the pattern of focal adhesions. Under
basal osteoinduction conditions, spindle-shaped cells
exhibited parallel thick actin bundles traversing their
entire length whereas in the presence of VIP, cells
showed a network of thinner actin filaments and a more
cuboidal morphology accompanied by a change in the
distribution of focal adhesions (Figure 3B,C).

3.4 | The presence of VIP increases
osteoblast bone-forming activity

After studying the stimulatory effect of VIP on the
expression of different osteogenic markers both at
the genetic and protein level, its action on the bone-
forming activity of osteoblasts was analyzed. ALP in cell
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culture supernatants and calcium deposits were quanti-
fied after 10 days of osteoblast differentiation cultures in
the presence or absence of the neuropeptide at a concen-
tration of 10�8 M. Results revealed a significant increase
in both ALP secretion (p = 0.0281) (Figure 4A) and cal-
cium deposition (p = 0.009) when osteogenic induction
occurred in the presence of VIP (Figure 4B,C).

3.5 | VIP is involved in the crosstalk
osteoblast–osteoclast

Finally, to explore the potential osteoprotective mecha-
nism that VIP might mediate, we next analyzed by real-
time PCR the gene expression of RANKL (TNFSF11) and
OPG (TNFRSF11B) from in vitro differentiated human

FIGURE 1 Characterization of the vasoactive intestinal peptide (VIP)/receptor axis during in vitro human osteoblast differentiation. VIP

(A), VIPR1 (VPAC1), and VIPR2 (VPAC2) (B) mRNA expression levels in donor bone marrow-human mesenchymal stem cells (BM-hMSCs),

before differentiation is initiated (dotted line) and after 1, 4, 7, 10, or 14 days of osteogenic induction was determined by real-time PCR.

Results are expressed as relative mRNA expression (relative to GAPDH levels) and, in the case of VIP, referenced to undifferentiated cells

(BM-hMSCs). The means ± standard error of the mean (SEM) of triplicate determinations of five independent experiments are shown.

t Tests were performed (**p < 0.01; ***p < 0.001) (C) Protein detection of VIP receptors after 7 days of differentiation was determined by

Western blot and GAPDH was used as a control. The intensity of the bands of VPAC1 and VPAC2 was quantified by densitometric analysis

and normalized against the intensity of GAPDH. Results represent the means ± SEM of three independent experiments. t-Test was

performed (*p < 0.05). (D) Intracellular levels of cAMP in osteoblast differentiated for 7 days were quantified after stimulation with 10�8 M

of VIP or agonist for either VPAC1 or VPAC2. cAMP concentration data are expressed relative to control cells. Means ± SEM of triplicate

determinations of three independent experiments are shown, ANOVA was performed and Dunnett's test was applied as post hoc (**p < 0.01;

***p < 0.001).
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osteoblasts after 14 days of osteogenic induction of BM-
hMSCs with or without the addition of VIP 10�8 M.
Results showed that although OPG gene expression was
not modulated by VIP (Figure 5B), there was a significant
decrease in the levels of RANKL transcripts (p < 0.001)
(Figure 5A). Therefore, a significant decrease in the
RANKL/OPG ratio was obtained (p = 0.018) when
the osteogenic process occurred in the presence of VIP
(Figure 5C).

4 | DISCUSSION

An array of systemic factors and mediators produced
within the bone microenvironment regulate the fine-
tuning between osteoblast and osteoclast functions,
which is necessary for preserving homeostatic bone
remodeling.12,13,37,38 Among them, the neuropeptide VIP

has been demonstrated to exhibit anti-osteoclastogenic
activity in both murine and human studies.23–29 How-
ever, comprehensive knowledge about VIP regulating
role in human osteoblast differentiation and anabolic
activity remains unknown. In the present study, we have
reported, for the first time, the stimulatory influence of
VIP on BM-hMSCs osteogenic differentiation and
osteoblast synthetic function. Results revealed that the
presence of VIP during in vitro osteoinduction of human
BM-MSCs enhances the expression of osteoblast
differentiation-stage-specific markers and favors the char-
acteristic reorganization of both actin cytoskeleton and
focal adhesion complexes. We further found that such
pro-osteoblastogenic effects are accompanied by an
increase in matrix mineralization and an attenuation of
osteoblast-mediated osteoclastogenesis. The findings
of this study would confirm in humans the osteoprotec-
tive effects of VIP previously demonstrated in animal

FIGURE 2 Vasoactive intestinal peptide (VIP) upregulates the expression of β-catenin and Runx2. CTNNB1 (β-catenin) (A) and RUNX2

(Runx2) (B) mRNA expression levels after 1, 4, or 7 days of bone marrow-human mesenchymal stem cells (BM-hMSCs) osteogenic induction

in absence or presence of VIP 10�8 M was determined by real-time PCR. Results are expressed as relative mRNA expression (relative to

GAPDH levels) and referenced to undifferentiated cells (BM-hMSCs). The means ± SEM of triplicate determinations of four independent

experiments are shown. β-catenin and Runx2 protein quantification at Day 7 of differentiation was determined by Western blot (C). Picture

is a representative example of six experiments with similar results. (D) Relative expression levels of protein bands were calculated with the

densitometry values of the band corresponding to the protein of interest relative to GAPDH and referenced to basal levels. Mann–Whitney

U was performed (*p < 0.05; **p < 0.01; ***p < 0.001).
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models, suggesting a promising pivotal role for this neu-
ropeptide in the maintenance of homeostatic human
bone metabolism.

According to the neuro-osteological hypothesis, neu-
ropeptides released by sympathetic fibers innervating
bone tissues can exert paracrine effects on cells expres-
sing their receptors in the vicinity of nerve endings.28

Since Hohman et al. demonstrated in 1986 the existence
of VIP-immunoreactive nerve fibers in rat bone tissue,20

further findings have confirmed their presence in the rat
periosteum, epiphysis, and bone marrow cavity.39,40 More
recent studies in human subchondral bone have shown,
by immunochemistry, that VIP is expressed not only
along the surface of trabecular bone and in bone marrow

cavities but also in osteocyte-like cells.19,41 In line with
this, our present data revealed that in vitro differentiated
human osteoblasts express the neuropeptide VIP, both at
the genetic and protein level. These results appear to be
in disagreement with those previously published by
Togari et al. showing no expression of VIP transcripts in
human periosteum-derived osteoblastic cells (SaM-1) and
in human osteosarcoma-derived cells (SaOS-2, HOS, and
MG-63).32 However, this discrepancy could be derived
from differences in experimental conditions since the cell
model studied and the mRNA detection methods that
were used are different. Given that we further detected
protein levels of VIP in osteoblast supernatants, it is
worth speculating that osteoblast lineage cells, including

FIGURE 3 Vasoactive intestinal peptide (VIP) promotes type I collagen gene expression and cytoskeletal reorganization. (A) Type I

collagen gene (COL1A1) expression after 1, 4, 7, 10, or 14 days of osteogenic induction in absence or presence of VIP 10�8 M was determined

by real-time PCR. Results are expressed as relative mRNA expression (relative to GAPDH levels) and referenced to undifferentiated cells

(bone marrow-human mesenchymal stem cells [BM-hMSCs]). The means ± SEM of triplicate determinations of five independent

experiments are shown, Mann–Whitney U was performed (**p < 0.01). (B) Photomicrographs of the effect of VIP on the actin cytoskeleton

and focal adhesions in differentiating osteoblasts (Leica SP8 Lightning confocal microscope, Scale bar: 20 μm). (C) Magnified image of a

representative cell of the cytoskeleton morphology in mesenchymal stem cell under basal osteogenic conditions and with the presence of

VIP. Detection of F-actin was performed using Phalloidin staining (TRITC, Red), specific primary and secondary antibodies were used for

the detection of vinculin (Alexa Fluor 488, green), nuclei were counterstained with DAPI.
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osteoblasts and osteocytes, might represent an additional
source of VIP in the bone environment that would allow
higher local levels of this neuropeptide.

Regarding VIP receptors, although several studies
have shown that mouse calvarial osteoblasts and murine
osteosarcoma cell lines are provided with functional
VPAC1 and VPAC2 receptors,31,33,42 data on human cells

are limited to a single report by Togari et al. analyzing
their mRNA expression in different human osteosarcoma
cell lines and in the human osteoblast SaM-1 cell line.32

Therefore, our results show for the first time the expres-
sion profile of VIP receptors during the time course of
human MSCs osteogenic differentiation. These findings
evidence the presence of VPAC1 and VPAC2 receptors in

FIGURE 4 Osteoblast anabolic activity is promoted by vasoactive intestinal peptide (VIP). (A) Alkaline phosphatase (ALP) present in

the supernatant was determined after 10 days of bone marrow-human mesenchymal stem cells culture under osteogenic induction in

presence or absence of VIP 10�8 M. The results shown represent the mean ± SEM of the relative concentration of ALP referred to the basal

condition obtained in five independent experiments. (B) Photomicrographs of calcium deposits after stained with alizarin red, in the wells of

cells subjected to both experimental conditions (scale bar: 2 mm). (C) Quantification of alizarin red staining using spectrophotometry. Data

are presented as the means ± SEM of duplicate determinations of six independent experiments referred to control condition. t-Test was

performed (*p < 0.05; **p < 0.01).

FIGURE 5 Vasoactive intestinal peptide (VIP) modulates gene expression of mediator molecules in osteoclast–osteoblast
communication. Relative mRNA expression of (A) TNFSF11 (RANKL) and (B) TNFRSF11B (OPG) after 14 days of osteoblast differentiation

in absence or presence of VIP 10�8 M was determined by real-time PCR. (C) Receptor activator of nuclear factor-κB ligand/osteoprotegerin

(RANKL/OPG) ratio of gene expression values. Results are expressed as relative mRNA expression (relative to GAPDH levels) and referenced

to the control group. The means ± SEM of triplicate determinations of four independent experiments are shown, t test was performed

(*p < 0.05; ***p < 0.001).

1156 CASTRO-VÁZQUEZ ET AL.



BM-hMSCs and in mature osteoblasts differentiated
in vitro, showing a progressive induction of both tran-
scripts throughout the differentiation process with a con-
stant ratio between their mRNA levels in favor of VPAC1
receptor. While these results are not consistent with the
exclusive expression of VPAC1 previously described by
Togari et al. in human osteoblast cell lines,32 it is worthy
to note that VPAC1 transcripts have also been shown to
be induced during osteogenic differentiation of mouse
calvarial osteoblasts, while VPAC2 is constitutively
expressed.33 Nevertheless, discrepancies in the pattern of
receptor subtypes observed between these reports are not
mutually incompatible, since different cell types, stage of
differentiation and species were studied using distinct
methods of analysis. Moreover, concerning the signaling
pathways elicited by VIP, our data revealed that VPAC
receptors are linked to cAMP as an intracellular mediator
in human osteoblasts differentiated in vitro, in line with
the VIP-induced adenylate cyclase activation previously
described in mouse calvarial osteoblasts, osteosarcoma
cell lines, and in human osteoblast-like cells derived from
explants of trabecular bone.31,42–44

Differentiation of MSCs toward the osteoblastic phe-
notype entails several stages, including the synthesis of
the osteoid matrix, changes in cell morphology and cyto-
skeleton, as well as osteoid mineralization.4,5 On a molec-
ular level, Runx2 is identified as the master transcription
factor driving the primary commitment of mesenchymal
progenitors to osteoblast lineage, being upstream regu-
lated by the Wnt pathway via the stabilization of cyto-
plasmic β-catenin.7,45–47 Our study of β-catenin and
Runx2 levels in BM-hMSCs cultured under osteoinduc-
tion conditions demonstrates an increase in gene and
protein expression of both osteogenic factors in the pres-
ence of VIP. This is consistent with the recently demon-
strated promoting effect of this neuropeptide on both the
Wnt/β-catenin signaling pathway and the expression of
the downstream RUNX2 gene, in turn mediating
VIP-enhancing action on the differentiation of rat
bone marrow MSCs to osteoblasts.48

Besides, when we examined the effect of VIP presence
on the expression of type I collagen, the main osteoid
component and an early marker of osteogenesis, a maxi-
mum in its transcript levels was reached at an earlier
time point during BM-hMSCs osteogenic differentiation
in vitro, exceeding those measured under basal condi-
tions. This expression profile reflects an increased initial
bone matrix formation in the presence of the neuropep-
tide, in agreement with previous findings in rat osteo-
blasts differentiated in vitro48 and as expected based on
our results, given that the COL1A1 gene is a direct target
of the VIP upregulated Runx2 transcription factor.49

Although further immunocytochemical quantitative

studies are needed to characterize more precisely the
modulatory action of VIP on the cytoskeleton organiza-
tion during MSCs osteogenic differentiation, we
described differences in both F-actin and vinculin distri-
bution based on qualitative visual analysis of confocal
immunofluorescence microscopy images. Cells cultured
in the presence of VIP exhibited a thinner actin network
distributed throughout the cytoplasm, resembling the
thin and dense microfilament meshwork filling the inte-
rior of terminally differentiated osteoblasts. Changes in
their morphology and in the distribution of vinculin pre-
sent in focal adhesions were also evident. These cells dis-
played a larger spreading area and a shape resembling
polyhedral cells, characteristic of later stages in osteoblast
maturation. Given that several studies have reported that
changes in cell morphology and actin cytoskeleton are
important early events during osteogenesis of
MSCs8,11,50–52 and that reorganization of focal adhesions
is necessary for osteoblast attachment and subsequently
for extracellular matrix synthesis,10,11 our results suggest
that VIP promotes BM-hMSCs osteogenesis and anabolic
activity of osteoblasts by favoring the rearrangement of
the cytoskeleton. Interestingly, modulation of intracellu-
lar cAMP concentrations by G protein-coupled receptor
(GPCR) -coupled mechanisms has been demonstrated to
play a regulatory role in actin cytoskeleton reorganiza-
tion53 and bone formation,54,55 which would be in accor-
dance with the reported upregulation of cAMP levels
upon stimulation of VPAC receptors in differentiating
osteoblasts. Therefore, VIP emerges as a component of
the network of mediators regulating human osteoblastic
differentiation through the modulation of cytoskeletal
structures, possibly using cAMP as an intracellular
messenger.

In the present study, we also found a stimulatory
effect of the presence of VIP on ALP production and cal-
cium deposits in osteoblastic differentiation cultures of
BM-hMSCs, evidencing an increase in active bone forma-
tion and in the mineralizing capacity that supports the
ability of the neuropeptide to promote osteogenic func-
tions. This is consistent with a previous study in osteo-
genically induced rat MSCs, where an increased ALP
activity and mineralized nodules formation were
observed under VIP treatment.48 Moreover, in agreement
with our data showing that VPAC receptors on human
osteoblasts are linked to cAMP formation, other authors
have demonstrated that this second messenger acts as a
signal transducing mechanism mediating VIP-induced
enhancement of ALP expression in human osteoblast cell
lines as well as in primary cultures of mouse calvarial
osteoblasts.44,56

Finally, given the important role played by osteoblasts
in the regulation of osteoclast biology through the
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production of RANKL and OPG, and considering that a
decrease in the RANKL/OPG ratio has been linked to the
VIP osteoprotective effects observed in RA animal models
and patients,23–25 we hypothesized that this neuropeptide
may exert a regulatory effect on osteoblast-mediated
osteoclastogenesis by modulating the expression of such
cytokines. Our data revealed a significant decrease in
RANKL gene expression when osteoblasts were differen-
tiated in the presence of VIP, leading to a consequent
reduction of the RANKL/OPG ratio. Furthermore, this is
in line with previous data showing the ability of VIP to
decrease the 1,25(OH)2-vitamin D3-stimulated expres-
sion of RANKL in mouse bone marrow cultures.27 There-
fore, the present results suggest that, in addition to our
previous demonstration of the direct inhibitory action of
VIP on human osteoclasts,25 this neuropeptide also exerts
an indirect anti-osteoclastogenic effect by regulating oste-
oblast factors controlling osteoclast biology.

To summarize, although further studies are needed to
complete the whole mapping of the VIP/VPAC system in
human osteoblast lineage cells, our present in vitro
results suggest the existence of an autocrine signaling
pathway for VIP in these cells, contributing to the neuro-
osteogenic network involved in the regulation of human
bone metabolism. The present findings also support the
potential of VIP as an osteoinductive differentiation fac-
tor that promotes human MSCs osteogenesis by enhanc-
ing the expression of early osteoblast markers and
promoting bone matrix formation as well as proper cyto-
skeletal reorganization. Finally, our data indicate that
VIP could be playing a direct modulatory role on the
osteoblast to osteoclast signaling by regulating RANKL/
OPG ratio, thus emerging as a pivotal molecule in the
maintenance of human bone homeostasis. Therefore,
while additional studies are needed to evaluate and opti-
mize the suggested osteoinductive effects of VIP, our
results represent an initial and relevant step in the explo-
ration of new therapeutic targets for a plethora of muscu-
loskeletal diseases characterized by the disruption of
bone remodeling balance.
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