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A B S T R A C T

Bone remodelling is a dynamic process of osteoblastic bone formation and osteoclastic bone resorption, regulated 
by local, paracrine and endocrine factors, in which osteocytes act as orchestrators of bone homeostasis. Among 
these regulatory factors, the neuropeptide VIP (vasoactive intestinal peptide) has demonstrated osteoprotective 
effects by inhibiting osteoclastogenesis and promoting osteoblast differentiation. However, its potential role in 
osteocyte biology remains unexplored. In this study, we investigated the effect of VIP on the differentiation of 
primary human osteocytes. We describe for the first time the expression of VIP and its receptors during in vitro 
osteocyte differentiation. Our results show that VIP promotes osteocytogenesis, accompanied by a reduction in 
the RANKL/OPG ratio, thereby supporting its role as an anti-osteoclastogenic factor. To better mimic the 
complexity of bone tissue, we performed triple co-cultures of osteoblasts and simultaneously differentiating 
osteocytes and osteoclasts, in the presence or absence of VIP. Our results confirmed that VIP supports the 
osteoblast-to-osteocyte transition and promotes an osteoprotective phenotype, characterized by a reduced 
RANKL/OPG ratio and decreased SOST expression. The downregulation of sclerostin may attenuate osteocyte- 
mediated inhibitory signalling toward osteoblasts and, in turn, contribute to the reduction of the osteoblastic 
RANKL/OPG ratio. Collectively, our findings reinforce the anti-osteoclastogenic actions of VIP, supporting its 
role as a potential osteoprotective factor.

Introduction

Bone remodelling is a complex physiological process essential for 
maintenance of the bone structure, its adaptation to mechanical de
mands and the repair of skeletal damage. It depends on the tightly co
ordinated activity of osteoclasts, which degrade old or damaged bone, 
and osteoblasts, responsible for the production of new bone restoring 
tissue integrity and strength.1,2 The dynamic interplay between these 
cells is regulated at multiple levels, including local cytokines and growth 
factors, systemic hormones, and neural signalling molecules. Osteocytes 
play a central role in this process, acting as mechanosensors and endo
crine regulators.3–5

Osteocytes, the most abundant cells in adult bone, represent 

terminally differentiated cells of the osteoblast lineage that become 
surrounded by the newly mineralizing bone matrix. During transition 
from osteoblasts to osteocytes, termed osteocytogenesis, cells down
regulate osteoblastic markers related to mineralizing activity such as 
alkaline phosphatase and osteocalcin, encoded by ALPL and BGLAP 
respectively, while upregulating osteocyte-specific genes including 
SOST and MEPE, which encode sclerostin and matrix extracellular 
phosphoglycoprotein.6,7 Simultaneously, their morphology evolves 
from a polygonal to a stellate shape, with extensive cytoskeletal 
remodelling. The formation of dendritic processes leads to their inte
gration into the lacuno-canalicular network connecting neighbouring 
osteocytes as well as other effector cells in the bone. This structural 
adaptation is crucial for sensing mechanical and hormonal stimuli, 
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allowing osteocytes to orchestrate bone homeostasis via paracrine sig
nalling to osteoclasts and osteoblasts.5,8

Mature osteocytes are characterized by the expression of SOST, the 
gene that encodes the protein sclerostin, which inhibits osteoblast 
function and suppresses bone formation.8 As regulators of bone 
resorption, osteocytes are also the main source of the receptor activator 
of nuclear factor kappa-B ligand (RANKL) responsible for driving the 
process of osteoclast differentiation and activation, known as osteo
clastogenesis.9,10 RANKL is a cytokine of the tumour necrosis factor 
superfamily, which is additionally synthesized by bone marrow-derived 
stromal cells, osteoblasts and activated T lymphocytes.11 The interaction 
between RANKL and its receptor RANK on the surface of osteoclast 
precursors represents a critical step for activating the nuclear factor of 
activated T-cells cytoplasmic 1 (NFATc1). This transcriptional factor is 
recognized as a master regulator for osteoclastogenesis, promoting the 
expression of genes such as dendritic cell-specific transmembrane pro
tein (DC-STAMP), essential for osteoclast multinucleation, as well as 
tartrate-resistant acid phosphatase (TRAP) and cathepsin K, both critical 
enzymes for bone resorption activity.12,13 On the other hand, RANKL 
induced osteoclastogenesis can be neutralized by the presence of 
osteoprotegerin (OPG), a decoy receptor frequently released by 
RANKL-expressing cells, including both osteoblasts and osteocytes. 
Under physiological conditions, the RANKL/OPG ratio represents a key 
index of bone resorption and osteoclastogenesis, acting as a crucial 
determinant of bone mass.14

Concomitantly, growing evidence indicates that bone homeostasis is 
tightly regulated by neural signalling networks. Notably, a wide range of 
bioactive neuropeptides contribute to the coordinated activity of bone 
cells through their specific receptors expressed within the bone micro
environment.3,4 Among these, vasoactive intestinal peptide (VIP) has 
been identified as a bone homeostatic mediator, exerting its effects 
mainly through VPAC1 and VPAC2 receptors.15 Compelling findings 
from animal models and in vitro studies using human and murine cells 
indicate that VIP inhibits osteoclastogenesis by directly impairing 
osteoclast differentiation and resorptive activity, and indirectly through 
a negative modulation of the RANKL/OPG ratio.16–22 Evidence from in 
vivo studies consistently demonstrates that VIP reduces bone erosion in 
experimental models of rheumatoid arthritis23,24 and is associated with 
a slower rate of bone density decline in early arthritis patients,16 while 
also inhibiting alveolar bone loss in rat models of periodontitis.25

Furthermore, VIP has been shown to stimulate osteogenic differentiation 
of rat and human bone marrow-derived mesenchymal stem cells 
(BM-MSCs).26,27 In addition, VIP enhanced bone repair in vivo, pro
moting healing in rat skull defect models and accelerating fracture re
covery in chemically sympathectomized mice.26,28

In line with its proposed role in neuro-osteogenic interactions, VIP 
has been detected in the bone marrow, the epiphyseal growth plate, and 
periosteal nerve fibres.21,29 Notably, its expression is not restricted to 
physiological conditions, as VIP has also been identified in subchondral 
bone, bone marrow cavities, and osteocyte-like cells of patients with 
osteoarthritis.30,31 Furthermore, beyond its neuronal origin, VIP is also 
produced by immune and endocrine cells,32 and more recently, its 
expression has been demonstrated in human osteoblasts differentiated in 
vitro,27 suggesting a potential autocrine role within the bone 
microenvironment.

Despite accumulating evidence positioning VIP as a neuropeptide 
critically involved in regulating the cellular mechanisms underlying 
bone homeostasis, and the well-established role of osteocytes as pivotal 
mediators of bone turnover, the effect of VIP on osteocytogenesis and on 
osteocyte biology remain largely unexplored to date. Furthermore, the 
influence of this neuropeptide on the reciprocal interactions among 
bone cells responsible for bone remodelling has yet to be elucidated. In 
this context, a 3D in vitro model of osteocyte differentiation33 and a 
recently established triple co-culture system comprising primary human 
osteoblasts and precursors of both osteocytes and osteoclasts34 was used 
to investigate the effects of VIP exposure on the involved cell types 

completing its characterization as a neuroimmunological-osteogenic 
mediator with osteoprotective effects.

Materials and methods

Cell culture

Sources of osteoblasts/osteocytes and osteoclasts
Osteoblast precursors were isolated from human femoral heads of 

patients who had undergone total hip replacement surgery at the Uni
versity Hospital Carl Gustav Carus Dresden (Germany) as described in.33

Samples were obtained from 7 donors with ages ranging from 55 to 75 
years (Table 1). The precursors were cultured in the expansion medium 
(α-MEM, 10 % FCS and 1 % P/S), until passage 4 was reached. Then, the 
cells were cultured for 7 days in osteogenic medium [α-MEM, 10 % FCS, 
1 % P/S, 10 mM ß-GP, 50 μM AAP and 10-7 M dexamethasone] to obtain 
mature osteoblasts.

Osteoclasts were differentiated from PBMC, which were isolated 
from four samples of leuco-platelet concentrate obtained from the 
German Red Cross, Dresden. Information on sex and age of the blood 
donors was not provided by the German Red Cross. PBMCs were isolated 
by density gradient centrifugation, followed by lysing of erythrocytes. 
For monocyte isolation by adherence, PBMCs were seeded in 24-well 
plates at 1⋅106 cells/well in α-MEM supplemented with 10 % hi-FCS, 1 
% P/S and 25 ng/mL M-CSF (macrophage colony stimulating factor) and 
maintained at 37◦C in an incubator for 3 days (Fig. 1).

Osteoblasts and differentiation of osteocytes
For osteocyte differentiation, human pre-osteoblasts from 7 donors 

were harvested with Trypsin/EDTA 1X following expansion in α-MEM 
with 10 % FCS and 1 % penicillin/streptomycin (P/S). After osteogenic 
differentiation for 7 days (expansion medium supplemented with 10-7 M 
dexamethasone (Dex), 10 mM β-glycerophosphate (β-GP) and 12.5 µg/ 
mL ascorbic acid-2-phosphate (AAP), all osteogenic supplements from 
Sigma-Aldrich), pre-differentiated osteoblasts were embedded in 
collagen gels based on the protocol described by Bernhardt et al.35

Briefly, collagen gels were prepared by mixing 8 parts of collagen so
lution [3 mg/mL rat tail type I collagen (Meidrix)] with 1 part of HBSS 
10X (PAN-Biotech GmbH) with phenol red as pH indicator and 1 M 
NaOH to adjust the pH of the mixture to physiological conditions. Os
teoblasts were resuspended in this mixture at a final concentration of 
1⋅105 cells/mL, and 500 μL of this suspension was added to 24-well 
plates. Subsequently, gels were allowed to solidify at 37◦C for 30 

Table 1 
Donor information for primary human cells, which were used for the differen
tiation of osteoblasts, osteocytes and osteoclasts in seven independent experi
ments for monoculture and seven independent experiments for triple culture.

Monoculture

Experiment no. Osteoblasts/osteocytes

1 female 75 years
2 female 56 years
3 female 58 years
4 male 65 years
5 male 57 years
6 male 55 years
7 male 62 years

Triple culture

Experiment no. Osteoblasts/osteocytes Osteoclasts

1 female 56 years PBMC donor 1
2 male 62 years PBMC donor 2
3 male 65 years PBMC donor 2
4 female 55 years PBMC donor 3
5 male 57 years PBMC donor 3
6 female 55 years PBMC donor 4
7 male 57 years PBMC donor 4
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minutes. After collagen gelation, 500 μL of monoculture medium con
sisting of α-MEM, 2 % fetal calf serum (FCS), 1 % P/S, 10 mM ß-GP, 50 
μM AAP and 100 ng/mL bone morphogenetic protein-2 (BMP2) were 
added to each well. Besides this control group, VIP 10− 8 M was added to 
test its impact on osteocyte differentiation. Osteocyte monocultures in 
the presence and absence of the neuropeptide were maintained for 14 
days at 37◦C in a humidified atmosphere containing 5 % CO2, with a 
complete medium change on day 7 and VIP added every 3-4 days to 
maintain a stable concentration.

Triple co-cultures with osteoblasts and simultaneously differentiating 
osteocytes and osteoclasts from their respective precursors

In vitro bone triple co-cultures of collagen hydrogel-embedded oste
oblasts (differentiating to osteocytes), osteoblasts and PBMCs (differ
entiating to osteoclasts) were performed in transwell inserts (0.4 µm 
pore size, TC Inserts Sarstedt) in 24-well plates as previously published34

(Fig. 1). A total of seven independent triple co-cultures were established 
under these conditions (Table 1).

These transwell constructs consisted of primary human osteoblasts 
predifferentiated in osteogenic medium and embedded in 250 µL 
collagen gel matrix at a final concentration of 1⋅105 cells/mL on the 
basal side of the transwell inserts. Once the gels were solidified, the 
transwell inserts were inverted to allow seeding of osteoblasts on the 
apical side of the membrane. Osteoblasts were then seeded at a density 
of 5⋅10⁴ cells on the apical surface of the transwell membrane. Cells were 
allowed to attach to the membrane for 3 h in the incubator at 37◦C 
(Supplementary Figure 1). Afterwards, the constructs were placed in 24- 
well plates pre-seeded with PBMCs (106 cells per well, see 1.1).

After the triple co-cultures were built up, medium that supports both 
osteocyte-differentiation and osteoclast-formation (α -MEM + 1 % heat 
inactivated FCS (hi-FCS) + 1 % human serum + 1 % P/S + 100 ng/mL 
BMP2) was added to the constructs in substitution of monocyte culture 
medium. Besides, triple co-cultures were conducted in the presence or 
absence of VIP 10− 8M. and maintained for 14 days (Fig. 1). Culture 
medium was replaced on day 7 and VIP was added every 3-4 days to 
keep a stable concentration.

Fluorescence microscopy

Immunofluorescence studies were performed to visualize F-actin in 
osteocytes, osteoblasts and osteoclasts. Osteocyte-containing collagen 
gels were removed from wells (monocultures) or inserts (triple co- 
cultures). The samples were washed with PBS, fixed with 4 % para
formaldehyde for 1 h, permeabilized with 0.1 % TritonX-100 in PBS for 
15 min and then blocked with 5 % bovine serum albumin (BSA) in PBS 
for 1 hour. Once blocked, the samples were incubated overnight at 4 ◦C 
with Phalloidin-iFluor 488 (1:1000; Abcam) to visualize the cytoskel
eton and DAPI (1:1000) to stain nuclei. Images were captured using an 
Olympus FluoView-1200 and, additional images included as supple
mentary data obtained with a Keyence BZ-X810. All images were pro
cessed with ImageJ.

RNA isolation, cDNA synthesis and PCR

For gene expression analysis, RNA was isolated from osteocytes, 
osteoblasts or osteoclasts. Osteocyte-containing collagen gels from 
monocultures and triple co-cultures were removed from the wells or the 
inserts, respectively, and digested for RNA isolation. Gels were incu
bated in a collagenase II solution (3 mg/mL in α-MEM, supplemented 
with 1 % P/S, 10 % FCS and 3 mM CaCl2) for 1 h at 37 ◦C with orbital 
shaking. The samples were then centrifuged at 1500 rpm for 5 min, 
washed with PBS and centrifuged again to obtain an osteocyte pellet.

For the triple co-cultures, membranes with osteoblasts were sepa
rated from the transwell inserts using surgical tweezers. Total RNA was 
isolated using the commercially available peqGOLD MicroSpin Total 
RNA Kit (Peqlab). RNA was quantified using Nanodrop, and cDNA 
synthesis was performed using the High-Capacity cDNA Reverse Tran
scription Kit (Life Technologies).

Specific TaqMan gene expression assays for target genes (ALPL, 
BGLAP, SOST, MEPE, DCSTAMP, NFATC1, CTSK, ACP5, TNFSF11, 
TNFRS11B, VIPR1 and VIPR2) and ACTB as housekeeping gene were 
used along with TaqMan Fast Advanced Master Mix (Applied Bio
systems) to perform real-time qPCR analysis. PCR was run with an 
Applied Biosystems 7500 fast Real-Time PCR system. Assays were made 
in triplicate and gene expression results were normalized to the 

Fig. 1. Diagram of the experimental design used to establish in vitro triple cultures of osteoblasts and simultaneously differentiating osteocytes and osteoclasts 
derived from freshly isolated PBMCs. β-glycerophosphate (β-GP), ascorbic acid-2-phosphate (AAP), dexamethasone (Dex), heat inactivated FCS (hi-FCS), bone 
morphogenetic protein 2 (BMP-2), macrophage colony stimulating factor (MCSF), vasoactive intestinal peptide (VIP).
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expression levels of ACTB.
The VIP gene was amplified by means of conventional PCR (Bio

tools). The sequence of primers used for human VIP (NM_003381.4) was 
forward, 5′- ACGTCACTCAGATGCAGTCTTCAC-3′; and reverse, 5′- 
TCGTCCTCTTTCCATTCAGAATT-3′. The PCR products were analysed in 
agarose gels, purified with the Qiagen PCR purification Kit and the 
correct size and sequence of the amplified products were checked 
through Sanger sequencing.

Western blot for VIP receptors VPAC1 and VPAC2

As described in the RNA isolation section, osteocytes were isolated 
from collagen gels using a digestion step with collagenase II. Then, the 
protein extracts were obtained using ice-cold radioimmunoprecipitation 
assay buffer (Thermofisher). Total protein was quantified using the 
commercial Pierce BCA Protein Assay Kit (Thermofisher). 50 μg of total 
protein from each sample was used for VIP receptor immunodetection 
experiments. Protein separation was performed by 10 % sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) under dena
turing conditions and then transferred to polyvinylidene difluoride 
(PVDF) membranes. After blocking, membranes were incubated o/n at 
4◦C with the following primary antibodies: mouse monoclonal anti- 
human VPAC2 (1:1000; Abnova), rabbit polyclonal anti-human 
VPAC1 (1:10000; Thermofisher) and rabbit anti-human GAPDH 
(1:10000; Sigma) as a loading control. Then, horseradish peroxidase 
(HRP)-conjugated secondary antibodies (Amersham ECL) were used: 
anti-mouse (1:5000) and anti-rabbit (1:10000 for VPAC1 and 1:15000 
for GAPDH). Proteins were detected using SuperSignal WestPico PLUS 
(Thermofisher). Results were photographed with Bio-Rad Gel Doc XR+
System.

Immunohistochemistry of VIP in human compact bone sections

Trabecular bone fragments (50 mm) were isolated from the femoral 
heads, fixed overnight with 4 % PFA in PBS, decalcified using Osteosoft 
solution (Merck) for 12 weeks, embedded in paraffin, and sectioned at 3 
μm thickness. Sections were incubated in citrate buffer (10 mM sodium 
citrate, 0.05 % Tween-20 pH 6) at 60◦C for 1 h. After antigen retrieval, 
the endogenous peroxidase was blocked by incubation with 3 % H2O2 in 
methanol for 10 min. The samples were blocked with 5 % BSA in PBS for 
1 h and then incubated with the primary rabbit anti-human VIP antibody 
(1:100 in PBS-BSA 2 %; Sigma), overnight at 4◦C. Sections incubated 
with 2 % PBS-BSA were used as a secondary antibody control. Slides 
were then incubated for 35 min with HRP-conjugated anti-rabbit sec
ondary antibody (1:100 in PBS-BSA 2 %; ECL). Staining was visualized 
with diaminobenzidine (DAB), and samples were counterstained with 1 
% alcian blue and 2 % light green in distilled H2O - acetic acid 3 % and 2 
%, respectively.

Statistical analysis

Data were analysed using GraphPad Prism 8.0 software. All data sets 
were first subjected to outlier detection using the ROUT method (Q = 1 
%), and subsequent statistical analyses were performed on the remain
ing values. Parametric variables were analysed via t-test, while non- 
parametric variables were analysed using Mann-Whitney U test. 
Welch’s correction was also applied when variances of the analysed 
groups were different. Two-sided p-values <0.05 were considered sig
nificant (*p < 0.05; **p < 0.01; ***p < 0.001).

Results

Characterizing the VIP/receptor axis in human osteocytes

Based on our previous findings demonstrating the expression of VIP 
and its specific receptors in human osteoblasts, we first assessed whether 

this signalling system is maintained in human osteocytes after their 
differentiation from osteoblasts.

VIP gene expression was detected by conventional PCR in all samples 
of human osteocytes differentiated in 3D collagen gels. The identity of 
the PCR products was confirmed by electrophoretic analysis followed by 
sequencing (Fig. 2A, negative control and sequencing data not shown). 
In addition, immunohistochemistry in human compact bone sections 
was performed to corroborate the expression of VIP at protein level in 
osteocytes (Fig. 2B, arrows). Results revealed VIP presence in osteocytic 
cells at both mRNA and protein levels.

To determine the expression pattern of the VIP receptors, VPAC1 and 
VPAC2, their transcript levels were analysed in human osteocytes after 
14 days of in vitro differentiation by real-time qPCR. Both VPAC1 and 
VPAC2 transcripts were detected (Fig. 2C), and the presence of the 
corresponding proteins was further confirmed by Western blot analysis 
(Fig. 2D), supporting the expression of both receptors in differentiated 
human osteocytes.

Regulation of osteocyte marker gene expression and cell morphology by 
VIP during in vitro differentiation

We next elucidated whether the presence of VIP modulates in vitro 
osteocyte differentiation. After 14 days of osteocyte differentiation in 
monocultures, in presence or absence of 10− 8M VIP osteocyte specific 
gene expression was analysed by real-time qPCR. Exposure to VIP 
resulted in a significant decrease in gene expression of the mature 
osteoblast marker BGLAP (p-value = 0.0006) (Fig. 3A). At the same 
time, a significant increase was observed on MEPE (p-value=0.0460) 
and SOST (p-value=0.0307), both gene markers associated with late 
stages of osteocyte differentiation (Fig. 3B, C).

To investigate whether VIP influences the cytoskeletal reorganiza
tion required for the morphological transition to the characteristic 
dendritic morphology of osteocytes, immunofluorescence staining of F- 
actin was performed after 14 days of in vitro induction. Qualitative 
assessment of the immunofluorescence images (Fig. 3D, supplementary 
figure 2) demonstrated successful osteocyte differentiation in both 
control and VIP-treated groups, with development of the typical den
dritic outgrowths.

VIP modulates RANKL/OPG ratio in differentiating osteocytes

In order to explore the potential modulatory effects of VIP on bone 
remodelling by regulating osteocyte-mediated coordination of osteo
blasts and osteoclasts, we investigated whether this neuropeptide could 
modulate the RANKL/OPG system in osteocytes. Gene expression of 
RANKL (TNFSF11) and OPG (TNFRSF11B) was analysed after 14 days of 
in vitro osteocytogenesis in the presence or absence of VIP by real-time 
qPCR. Although RANKL transcript levels remain unchanged (Fig. 4A), 
the presence of VIP significantly increased OPG gene expression (p- 
value<0.001) in differentiated osteocytes (Fig. 4B), resulting in a sig
nificant decrease in the RANKL/OPG ratio (p-value=0.0040) (Fig. 4C).

Regulation of bone cell differentiation markers by VIP in triple co-cultures

Next, we explored the role of VIP in a system that mimicked the 
physiological conditions of bone remodelling. For this propose, triple 
cultures containing mature osteoblasts, as well as osteocytes and oste
oclasts undergoing simultaneous differentiation, were performed in the 
presence or absence of the neuropeptide. After 14 days in triple culture, 
gene expression of the involved cell types was examined.

Osteocytes differentiated in the presence of VIP in triple culture 
exhibited a significant reduction of BGLAP mRNA expression (p-val
ue=0.0082) (Fig. 5A), a marker of mature osteoblasts. Furthermore, 
neuropeptide exposure significantly upregulated MEPE gene expression 
(p-value=0.0043) (Fig. 5B), accompanied by a significant reduction in 
SOST (p-value=0.0015) (Fig. 5C). Regarding osteoblast gene expression, 
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VIP treatment in triple culture induced a significant downregulation of 
both BGLAP (p-value=0.0159) and ALPL (p-value=0.0079) gene 
expression (Fig. 5D, E).

Finally, when osteoclast-associated genes were characterised, results 
showed a significant decrease in the expression of master regulator of 
osteoclastogenesis NFATC1 (p-value=0.0043), as well as a tendency for 
decreased DCSTAMP expression (p-value=0.2544) when triple cultures 
were exposed to VIP (Fig. 6A, B). Similarly, a decrease in the expression 
of ACP5, encoding TRAP (p-value=0.0722), and CTSK, enoding 
cathepsin k, (p-value=0.0008), two markers associated with resorptive 
activity, was observed under VIP stimulation (Fig. 6C, D).

VIP modulates RANKL and OPG gene expression in osteoblasts and 
osteocytes within triple co-cultures

Given that osteogenic lineage cells, including osteoblasts and oste
ocytes, are considered the main sources of OPG and RANKL, respec
tively, playing a fundamental role in regulating bone homeostasis, we 
examined whether their gene expression (TNFRSF11B and TNFSF11) 
was altered in bone triple co-cultures exposed to VIP. In osteoblasts, the 

presence of VIP led to a significant decrease in RANKL gene expression 
(p-value = 0.0476) accompanied by an increase in OPG mRNA levels (p- 
value = 0.0149) (Fig. 7A, B), resulting in a significant reduction of the 
RANKL/OPG ratio for this cell type (p-value = 0.0476) (Fig. 7C).

In contrast, although osteocytes showed significantly decreased 
RANKL mRNA levels, they exhibited a downregulation of OPG (p-value 
= 0.456 and p-value = 0.0350, respectively) (Fig. 7D, E). However, the 
RANKL/OPG ratio in osteocytes, showed a significant reduction in the 
presence of VIP within the triple co culture similar to osteoblasts (p- 
value = 0.0183) (Fig. 7F).

Impact of VIP on cell morphology of osteoblast, osteocytes and osteoclasts 
in triple co-cultures

Cytoskeletal reorganization and the consequent morphological 
transitions are critical for the differentiation and functional activity of 
all three bone cell types present in the triple co-cultures. To evaluate the 
impact of VIP on mature osteoblasts as well as on differentiating oste
ocytes and osteoclasts, immunofluorescence staining of F-actin was 
performed in all three cell types after 14 days of culture.

Fig. 2. Characterizing the VIP/receptor axis in human osteocytes. A. VIP mRNA expression in human osteocytes of seven different donors differentiated during 
14 days in 3D type I collagen gels. Electrophoretic analysis of reverse transcription polymerase chain reaction (RT-PCR) products. mRNA from human osteoblasts was 
used as positive control (C+). B. Immuno-peroxidase staining of VIP (arrows) in 3 µm human compact bone sections (alcian blue and light green counterstained). 
Images were captured with Olympus BX51 microscope (100x). C. VPAC1 and VPAC2 gene expression in in vitro-differentiated human osteocytes determined by real 
time-PCR. Results of six independent experiments are expressed as relative mRNA expression (relative to ACTB levels). D. Protein detection of VIP receptors after 14 
days of human osteocytes differentiation was determined by western blot and GAPDH was used as a loading control. Representative result is shown.
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Similar to osteocyte differentiation experiments in 3D collagen gels, 
qualitative assessment of the immunofluorescence images confirmed 
osteocyte differentiation in both control and VIP-treated groups, with 
development of extended dendritic processes (Fig. 8B). Besides, we 
recognized a reduction in osteoclast density accompanied by disorga
nized actin structures that impaired the formation of the sealing actin 
ring required for resorption lacunae development (Fig. 8A). 

Furthermore, no osteoblasts were observed in the lower compartment, 
supporting the absence of cell type mixing in the triple co-culture model 
(data not shown). Finally, no changes were reported on osteoblast cell 
morphology between control and VIP treatment (Fig. 8C).

Fig. 3. Effect of VIP on osteocyte-associated gene markers expression and morphology during in vitro differentiation. BGLAP (A), MEPE (B), SOST (C) mRNA 
expression levels in differentiated human osteocytes after 14 days of monoculture in 3D type I collagen gels, in absence or presence of VIP 10− 8 M, determined by 
real-time PCR. Results are expressed as relative mRNA expression (relative to ACTB levels) and referenced to the control group. Seven independent experiments were 
performed, data points after outlier analysis removal are presented as mean ± SEM. T-Test and Mann Whitney U test were performed (*p < 0.05; **p < 0.01; ***p <
0.001). D. Photomicrographs of the effect of VIP on the actin cytoskeleton in in vitro-differentiated osteocytes (Olympus FluoView-1200 confocal microscope, 40x). 
Detection of F-actin was performed using Phalloidin-iFluor 488 (Abcam, green) and nuclei were counterstained with DAPI (blue). Scale bars represent 200 µm (white) 
and 50 µm (yellow). Representative result is shown.

Fig. 4. VIP modulates RANKL/OPG ratio in osteocytes. Relative mRNA expression of TNFSF11 (RANKL) (A) and TNFRSF11B (OPG) (B) in human osteocytes after 
14 days of in vitro differentiation in the absence or presence of VIP 10− 8 M, determined by real-time PCR. C. RANKL/OPG (TNFSF11/ TNFRSF11B) ratio on gene 
expression level. Results are expressed as relative mRNA expression (relative to ACTB levels) and referenced to the control group. Seven independent experiments 
were performed, data points after outlier analysis removal are presented as mean ± SEM. T-Test and Mann Whitney U test were performed (**p < 0.01; ***p 
< 0.001).

D. Castro-Vázquez et al.                                                                                                                                                                                                                       Translational Research 292 (2026) 40–51 

45 



Discussion

Extensive research described the molecular and cellular pathways 
that mediate the regulatory actions of VIP in bone remodelling. How
ever, its impact on osteocyte biology has not been elucidated yet, 
probably due to the technical difficulty involved in the in vitro differ
entiation of primary osteocytes. In the present study, by establishing 3D 
collagen gel cultures for osteocyte differentiation, we report for the first 
time that human osteocytes not only express VIP but also its specific 
receptors, suggesting a potential autocrine signalling mechanism. 
Moreover, our data demonstrate that exogenous VIP enhances the in 
vitro differentiation of human osteocytes, raising the possibility of a 
direct modulatory role of this neuropeptide in osteocyte biology. 
Consistently, our findings in a more complex cellular context using a 
triple co culture model indicate that, in the presence of VIP, the osteo
blast to osteocyte transition is enhanced toward an osteoprotective 
phenotype. This phenotype is characterized by reduced sclerostin levels 
and a lower RANKL/OPG ratio, promoting osteogenesis while limiting 
osteoclastogenesis. These results reveal novel insights into VIP mediated 
cellular crosstalk in bone, highlighting its modulatory influence on the 
orchestrating activity of osteocytes, which underlies its reported bone 
homeostatic effects.16,23,24,26,27

Our initial objective was to characterize the VIP/receptor axis in 
human osteocytes and to determine whether these cells, as terminally 
differentiated osteoblasts, retain the expression of VIP and its specific 
receptors, previously reported in in vitro-differentiated human osteo
blasts.27 As anticipated, VIP transcripts were detected in 3D differenti
ated human osteocytes and confirmed in bone matrix embedded cells 
through immunohistochemical analysis of compact bone sections, in 
agreement with a previous report describing VIP expression in osteocyte 

like cells within the subchondral bone of osteoarthritic patients.31 These 
findings suggest that osteocytes may act as an additional source of VIP 
within the bone microenvironment contributing to further increase its 
local levels, similar to reports on the neuropeptide NPY.36 Furthermore, 
the elevated VIP levels previously reported by Kanemitsu et al. in the 
subchondral bone of osteoarthritic patients31 suggests that this regula
tory mechanism may also function under pathological conditions. 
Moreover, our results provide the first evidence for VPAC1 and VPAC2 
expression in human osteocytes, consistent with the preservation of 
receptor expression previously demonstrated in in vitro-differentiated 
human osteoblasts27 and also reported in human periosteum derived 
osteoblastic cells (SaM 1) and osteosarcoma derived cell lines (SaOS 2, 
HOS, and MG 63).37–40 The presence of both receptors suggests that VIP 
can directly modulate osteocyte activity and, together with its local 
production by osteogenic lineage cells, supports the concept of VIP 
acting as an osteocytic autocrine and paracrine factor within the bone 
microenvironment.

Accumulating evidence has established VIP as an endogenous 
osteoinductive factor, directly promoting the osteogenic differentiation 
of human and rat BM-MSCs.26,27 As osteocytes express the receptors 
mediating VIP activity, the present study explored its potential role in 
regulating the transition from mature osteoblasts to osteocytes. Our 
results demonstrate that in in vitro 3D differentiated osteocytes, VIP 
exposure upregulated the anti mineralization genes MEPE and SOST, the 
latter encoding the bone formation inhibitor sclerostin, both 
well-established markers of mature osteocytes.41 These data align with 
findings in a murine model of alveolar bone healing, where VIP 
increased osteogenic related markers, along with upregulation of 
osteocytic genes such as SOST.42 Besides, we also observed a significant 
reduction in the mature osteoblast marker BGLAP in osteocytes 

Fig. 5. Effect of VIP on osteoblast and osteocyte gene markers in bone triple co-cultures. Relative mRNA expression of BGLAP (A, D), MEPE (B), SOST (C) and 
ALPL (E) in osteoblasts and osteocytes after 14 days of triple co-culture, in absence or presence of VIP 10− 8 M, was determined by real-time PCR. Results are 
expressed as relative mRNA expression (relative to ACTB levels) and referenced to the control group. Seven independent experiments were performed, data points 
after outlier analysis removal are presented as mean ± SEM. T-Test and Mann Whitney U test were performed (*p < 0.05; **p < 0.01).
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differentiated under VIP stimulation, consistent with an enhancement of 
the osteocytogenic process, during which osteoblasts progressively 
downregulate bone matrix production.43 Additionally, as osteocyto
genesis requires cytoskeletal plasticity for the formation of dendritic 
extensions within the canalicular network,1 and given that VIP has been 
shown to induce F actin reorganization in osteogenic cells,27 we exam
ined the cytoskeletal architecture of osteocytes exposed to VIP. Quali
tative morphological analysis indicated that VIP-stimulated osteocytes 
retained their characteristic stellate morphology and exhibited extended 
dendritic projections, potentially reflecting progression in the differen
tiation process.43 Therefore, the present findings support the hypothesis 
that VIP may facilitate the transition from osteoblast to osteocyte, 
inducing osteocyte-specific gene expression, and enabling cytoskeletal 
rearrangements required for extensive dendritic branching.

As central regulators of bone homeostasis, osteocytes exert paracrine 
effects on osteoblasts and osteoclasts through direct cell-cell interactions 
and the release of regulatory molecules like RANKL and OPG.43,44 As 
both cytokines have been identified as targets of VIP in its 
osteoblast-mediated anti-osteoclastogenic effects,27,45 and given that 
the osteoprotective activity of this neuropeptide in both animal models 
and early arthritis patients has been linked to a reduced RANKL/OPG 
ratio,16,24 we aimed to determine whether a similar regulatory effect 
occurs in osteocytes. Our data reveal a significant increase in the OPG 
mRNA levels in osteocytes differentiated in the presence of VIP, 

consistent with its reported ability to counteract the inhibitory effect of 
1,25(OH)₂-vitamin D₃ on OPG expression in mouse bone marrow cul
tures45 and to upregulate OPG in MC3T3-E1 pre-osteoblastic cells.46

Consequently, we also detected a decrease in the osteocytic RAN
KL/OPG ratio, similar to that observed in in vitro-differentiated human 
osteoblasts,27 supporting the notion that VIP may also exert 
anti-osteoclastogenic effects through the regulation of these 
osteocyte-derived factors.

However, to fully assess the modulatory effects of VIP on osteocyte- 
mediated bone homeostasis, it is essential to consider the reciprocal 
interactions among osteoblasts, osteoclasts and osteocytes. Therefore, to 
better mimic the bone remodelling process, we analysed the impact of 
the neuropeptide in the triple co-culture system, in which osteocytes and 
osteoclasts were simultaneously differentiated from their progenitors in 
the presence of mature osteoblasts.34 In line with our findings in oste
ocyte monocultures, exposure to VIP downregulated the mature osteo
blast marker BGLAP in differentiating osteocytes, while concurrently 
increasing the osteocytic marker MEPE, and inducing a more pro
nounced dendritic morphology, characteristic of fully differentiated 
osteocytes. In contrast, our results demonstrated that VIP significantly 
downregulated SOST expression in triple culture, a finding that should 
be interpreted within the specific context of the triple co-culture, as 
sclerostin not only acts as a direct inhibitor of osteoblast differ
entiation6,47–49 but also indirectly promotes osteoclastogenesis through 

Fig. 6. VIP down-regulates the expression of osteoclast-specific markers in triple co-cultures. (A) NFTAC1, (B) DCSTAMP, (C) ACP5 and (D) CTSK mRNA 
expression levels in differentiated osteoclasts after 14 days of triple co-culture, in absence or presence of VIP 10− 8 M, determined by real-time PCR. Results are 
expressed as relative mRNA expression (relative to ACTB levels) and referenced to the control group. Seven independent experiments were performed, data points 
after outlier analysis removal are presented as mean ± SEM. T-Test and Mann Whitney U test were performed (**p < 0.01; ***p < 0.001).
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osteoblast-mediated signalling.50,51 Thus, by downregulating osteocytic sclerostin, VIP may promote the differentiation of osteogenic lineage 

Fig. 7. Effect of VIP on osteoblast and osteocyte RANKL and OPG gene expression in triple co-cultures. Relative mRNA expression of TNFSF11 (RANKL) (A, D) 
and TNFRSF11B (OPG) (B, E) after 14 days of triple co-culture in absence or presence of VIP 10− 8 M was determined by real-time PCR in osteoblasts and osteocytes. 
RANKL/OPG (TNFSF11/TNFRSF11B) (C, F) ratio of gene expression values. Results are expressed as relative mRNA expression (relative to ACTB levels) and 
referenced to the control group. Seven independent experiments were performed, data points after outlier analysis removal are presented as mean ± SEM. T-Test and 
Mann Whitney U test were performed (*p < 0.05; **p < 0.01).

Fig. 8. Cell morphology of osteoclasts, osteocytes and osteoblasts in triple co-culture in the absence or presence of VIP. Photomicrographs of the effect of 
VIP presence on the actin cytoskeleton in osteocytes (A), osteoclasts(B) and osteoblasts (C) after 14 days of triple co-cultures (Olympus FluoView-1200 confocal 
microscope, 40x). Detection of F-actin was performed using Phalloidin-iFluor 488 (Abcam, green) and nuclei were counterstained with DAPI (blue).
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cells and further facilitate osteocytogenesis, consistent with the well 
established inhibitory role of this protein in the mature osteoblast to 
osteocyte transition.52 This hypothesis aligns with the significant 
decrease in BGLAP and ALPL expression detected in mature osteoblasts 
cultivated in triple cultures exposed to VIP, reflecting a reduction in the 
mineralizing activity required for their transition into osteocytes.53

In this context, the downregulation of SOST observed in VIP treated 
bone triple co-cultures may be related to the reduced osteoblastic 
RANKL/OPG ratio, consistent with the role of sclerostin in enhancing 
RANKL while suppressing OPG in mature osteoblasts.50 In this sense, our 
findings from the triple co culture model demonstrate a marked reduc
tion in osteoclast differentiation markers (NFATC1 and DCSTAMP) and 
resorptive activity markers (ACP5 and CTSK) in the presence of VIP, 
accompanied by disruption of the actin cytoskeletal reorganization 
essential for osteoclast resorptive function. This decrease in osteoclas
togenic gene and morphological markers likely reflects both the 
well-established direct inhibitory effect of VIP on osteoclasts 
biology16,20,45 and the downstream consequences of the reduced RAN
KL/OPG ratio observed in osteoblasts.

Although multiple cell types contribute to RANKL production during 
bone remodelling, osteocytes are widely recognized as the predominant 
source of functional RANKL driving osteoclastogenesis.43 Interestingly, 
within the bone triple co-culture model, VIP stimulation led to a marked 
decrease in osteocyte RANKL expression, an effect that was not observed 
under monoculture conditions. This microenvironment-dependent 
response could partly result from the VIP induced decrease in sclero
stin, which promotes a pro osteoclastogenic phenotype in human pri
mary pre osteocytes and in the murine osteocyte like cell line MLO Y4 by 
stimulating RANKL expression.50,51,54 Thus, the reduction of osteocytic 
SOST observed in the presence of VIP could not only attenuate the 
osteocyte mediated inhibition of osteogenesis but also represent an 
additional mechanism underlying the anti osteoclastogenic effects of 
VIP, potentially interfering with the RANKL dependent pathway by 
which osteocytes support osteoclast differentiation. Conversely, our 
data also reveal that the OPG gene expression is downregulated in os
teocytes exposed to VIP within the triple co-culture. This could poten
tially compromise its anti-osteoclastogenic action, as OPG functions as a 
soluble decoy receptor for RANKL, thereby preventing osteoclast for
mation and bone resorption. Nevertheless, this effect is not expected to 
substantially impact bone cellular crosstalk, since it does not alter the 
OPG dominance in the osteocytic RANKL/OPG ratio. Furthermore, os
teoblasts are widely recognized as the predominant source of OPG 
within the bone microenvironment.55,56 Despite this, osteocytic OPG 
may play an important role in the mechanisms that regulate subcellular 
RANKL trafficking.57,58Given that membrane-bound RANKL but not 
soluble RANKL constitutes the physiologically active form required for 
osteoclast formation,9,10 the VIP-induced decrease in osteocytic OPG 
expression could impair RANKL trafficking to the cell surface, thereby 
further reinforcing an anti-osteoclastogenic profile.

In summary, our findings indicate that VIP may function as an 
autocrine and paracrine modulator of osteoblast and osteocyte activity, 
introducing a new regulatory component within the neuro-osteogenic 
pathway. In addition, our results show that VIP promotes osteocyto
genesis, leading to the acquisition of an osteoprotective phenotype 
characterized by reduced sclerostin expression. This decrease not only 
attenuates osteocyte mediated inhibitory signalling toward osteoblasts 
but also contributes to an anti osteoclastogenic profile by lowering the 
osteoblastic RANKL/OPG ratio. This suppressive effect of VIP on oste
oclast biology may be further reinforced by downregulation of RANKL in 
osteocytes, resulting in a reduced osteocytic RANKL/OPG ratio, along 
with a concomitant decrease in OPG expression that could impair 
RANKL localization to the osteocyte membrane.

Although additional studies are needed to better understand the 
mechanisms involved, our findings represent an important advancement 
in understanding the role of VIP in osteocyte-mediated regulation of 
bone metabolism. This research represents a significant step toward 

exploring new therapeutic targets for a wide range of musculoskeletal 
disorders characterized by impaired bone homeostasis.
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