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Abstract 

Background  Osteoporosis (OP), characterized by reduced bone mass and mineral density, is a global metabolic 
disorder that severely impacts the quality of life in affected individuals. Although current pharmacological treatments 
are effective, their long-term use is often associated with adverse effects, highlighting the need for safer, more sustain-
able therapeutic strategies. This study investigates the pro-osteogenic and anti-resorptive potential of the secretome 
from Smurf1-silenced mesenchymal stem cells (MSCs) as a promising cell-free therapy for bone regeneration.

Methods  Conditioned media (CM) from Smurf1-silenced rat (rCM-Smur1) and human MSCs (hCM-Smurf1) was col-
lected and analyzed. Pro-osteogenic potential was assessed by measuring in vitro mineralization in human and rat 
MSCs cultures. In vivo, studies were conducted using a rat ectopic bone formation model and a post-menopausal 
osteoporotic mouse model. Additionally, primary human osteoporotic MSCs were preconditioned with hCM-Smurf1, 
and their osteogenic capacity was compared to that induced by BMP2 treatment. Ex vivo, human bone explants were 
treated with hCM-Smurf1 to assess anti-resorptive effects. Proteomic analysis of the soluble and vesicular CM fractions 
identified key proteins involved in bone regeneration.

Results  CM from Smurf1-silenced MSCs significantly enhanced mineralization in vitro and bone formation in vivo. 
Preconditioning human osteoporotic MSCs with hCM-Smurf1 significantly increases in vitro mineralization, with lev-
els comparable to those achieved with BMP2 treatment. Additionally, in ex vivo human bone cultures, treatment 
with hCM-Smurf1 significantly reduced RANKL expression without affecting OPG levels, indicating an anti-resorp-
tive effect. In vivo, CM from Smurf1-silenced MSCs significantly increased bone formation in a rat ectopic model, 
and its local administration reduced trabecular bone loss by 50% in a post-menopausal osteoporotic mouse model 
after a single administration within just four weeks. Proteomic analysis revealed both soluble and vesicular fractions 
of hCM-Smurf1 were enriched with proteins essential for ossification and extracellular matrix organization, enhancing 
osteogenic differentiation.
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Conclusions  The Smurf1-silenced MSCs’ secretome shows potent osteogenic and anti-resorptive effects, significantly 
enhancing bone formation and reducing bone loss. This study provides compelling evidence for the therapeutic 
potential of Smurf1-silenced MSC-derived secretome as a non-toxic and targeted treatment for osteoporosis. These 
findings warrant further in vivo studies and clinical trials to validate its therapeutic efficacy and safety.
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Background
Osteoporosis (OP), a systemic metabolic disease char-
acterized by a decrease in bone mass and Bone Mineral 
Density (BMD), is recognized as a global public health 
problem and a heavy socioeconomic burden [1]. Women 
reach peak BMD in puberty and man somewhat later but, 
from about 30  years of age, a negative bone balance is 
observed in both sexes [2]. This bone loss is further accel-
erated in women during menopause, when estrogen pro-
duction from the ovaries ceases [3]. It is calculated that 
a decrease of around 50% of trabecular bone and 30% of 
cortical bone will then occur during the first ten years 
after menopause, highly increasing the risk of fragility 
fractures [4]. According to statistics from the Interna-
tional Osteoporosis Foundation, 1 in 3 women over the 
age of 50 and 1 in 5 men will experience osteoporotic 
fractures in their lifetime. Importantly, the incidence of 
OP as well as that of fragility fractures is set to increase 
over coming decades as the global population ages, pos-
ing challenges to health care systems worldwide.

Pharmacological therapies for OP have important limi-
tations and rare but severe side effects, including, atypical 
femoral fractures, osteonecrosis of the jaw, strokes and 
even cancer [5]. These adverse effects are increased when 
the treatments are used for long periods of time, a major 
inconvenient in the case of a chronic disease such as OP. 
Thus, despite recent advances in the field, there is still a 
clinical need to develop safe and cost-effective treatments 
for OP that enable long term therapies.

Several preclinical studies have investigated the osteo-
genic potential of MSCs and their application in the 
treatment of bone related diseases, such as OP [6–8]. 
However, the difficulty to scale up the production of 
MSCs without losing differentiation potential, the pos-
sible acquisition of deleterious mutations during long 
expansion times, leading to potential tumorigenicity, and 
other safety risks related to stem cell transplantation have 
hampered the translation of MSCs-based therapies to 
the clinic. Nevertheless, there is growing evidence indi-
cating that the beneficial effect shown by MSCs upon 
transplantation is mainly linked to the ability of these 
cells to secret a plethora of biomolecules and extracel-
lular vesicles (EVs) with important pro-regenerative, 
pro-angiogenic and immunomodulatory effects [9–12]. 
This milieu, known as “secretome”, comprises different 

cytokines, chemokines and angiogenic and growth fac-
tors, either in a soluble form or carried by EVs. MSCs’ 
secretome exerts its beneficial effects on other resident 
cells in the bone marrow maintaining a microenviron-
ment that facilitates proper bone homeostasis [13, 14]. 
The drawbacks linked to cell-based therapies, together 
with the realization that MSCs paracrine activity is in 
fact a major player in the regeneration, as seen in vari-
ous trials involving MSCs, have prompted a change in 
paradigm [15, 16]. Multiple fundamental studies now 
support the application of MSCs-derived secretome in 
tissue regeneration. Bioactive factors secreted by MSCs, 
such as Osteprotegerin (OPG) or Bone morphogenetic 
protein-2 (BMP2) are known to promote healing and tis-
sue repair [17, 18]. Importantly, the plasticity of MSCs’ 
secretome allows for its engineering to suit specific pur-
poses aimed at tissue regeneration. Different approaches 
have been carried out to develop an MSCs-derived 
secretome or EVs cargo for improving bone regeneration, 
from pre-conditioning MSCs with different biochemical 
compounds, small molecules, or cytokines to subjecting 
the MSCs to diverse biophysical cues or to directly alter-
ing MSCs gene expression through genetic manipulation 
[19, 20]. Enhancing pro-osteogenic capacity of MSCs’ 
secretome would allow the use of cell-free systems, 
overcoming the regulatory hurdles linked to the clinical 
translation of cell-based therapies, favoring the scalability 
of manufacturing processes and the possibility of produc-
ing off-the-shelf options.

We have previously demonstrated that silencing of 
inhibitors of the main osteogenic pathways using Gap-
meRs, a particular type of Locked-nucleic Acid Antisense 
Oligonucleotides, significantly increases the osteogenic 
potential of MSCs from osteoporotic patients, charac-
terized by an intrinsically reduced osteogenic potential 
[21, 22]. Although the internalization of the GapmeRs 
produces only a transient silencing, we have shown that 
this is enough to prime endogenous MSCs towards oste-
ogenic differentiation leading to a marked increase in 
bone mineral density in an osteoporotic mouse model 
[23]. However, while this method only induces transient 
modifications of the MSCs expression pattern, we can-
not fully rule out possible off target effects of the Gap-
meRs upon translation of this method to the clinic. The 
development of drugs that would avoid manipulations 
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of endogenous MSCs would certainly bypass this prob-
lem. We hypothesize that the priming process induced 
by the transient silencing of key osteogenic inhibitors, 
would trigger important changes in gene expression and 
protein production, leading to a secretome enriched in 
pro-osteogenic factors. This shift would likely enhance 
the presence of pro-osteogenic molecules in the cellu-
lar cytoplasm, modifying the protein secretory profile 
and the cargo of EVs, which could include proteins and 
nucleic acids, altering the functionality of other cells in 
the bone microenvironment and thus, influencing bone 
homeostasis. The highly significant pro-osteogenic effect 
we observed in  vivo when Smurf1-silenced MSCs were 
implanted into an ectopic mouse model compared to the 
results obtained in  vitro would reinforce the key parac-
rine role of the secretome of MSCs where this gene has 
been transiently silenced [24, 25]. This current work 
investigates this paracrine effect and explores the pos-
sible transition to cell-free systems for bone regenera-
tion, with the aim of simplify the therapeutic process and 
reduce the risk of manipulating endogenous MSCs.

Methods
The work has been reported in line with the ARRIVE 
guidelines 2.0.

Murine and human primary cell harvesting
Rat Mesenchymal stem cells (rMSCs) were obtained 
from the bone marrow of two-month-old healthy 
Sprague–Dawley rats as previously described [26] and 
cultured for 10–14 days at 37 °C and 5% CO2 in Mesen-
PRO RS Medium (ThermoFisher Scientific, Waltham, 
MA, USA) supplemented with GlutaMAX. Only one cell 
passage was allowed before using the cells to avoid repli-
cative senescence. All animal experiments conducted in 
this study were reviewed and approved by the Consejería 
de Agricultura y Ganadería de Cantabria under protocol 
number PI08/21.

Primary human MSCs (hMSCs) were isolated from the 
femoral heads of patients who had suffered osteoporotic 
fractures and required hip replacement surgery, as previ-
ously described [27]. Twenty-three women between the 
ages of 65 and 85 were included in the study, all of whom 
provided written consent. Patients with cancer, severe 
chronic disorders, or under the influence of medications 
known to impact bone metabolism were excluded from 
the study.

The study was conducted according to the guidelines 
of the Declaration of Helsinki and approved by the Insti-
tutional Bioethics Committee of the University of Canta-
bria (2022.065).

Cell culture and osteogenic differentiation
The human MSC line ASC52telo (Ref. SCRC4000, 
ATCC, Manassas, VA, USA) was cultured in Dul-
becco’s Modified Eagle’s Medium (DMEM, Invitro-
gen, Waltham, MA, USA), supplemented with 10% 
Fetal Bovine Serum (FBS) (ThermoFisher Scientific, 
Waltham, MA, USA) and 1% penicillin–streptomy-
cin (ThermoFisher Scientific, Waltham, MA, USA). 
Maintenance of this cell line requires supplementation 
with geneticin (0.2  mg/ml) (G418 Sulphate, Corning, 
Manassas, USA). For osteogenic differentiation, 20,000 
cells/cm2 were seeded in a 24 well plate and incubated 
overnight to allow attachment. Osteogenic induc-
tion was achieved by replacing the culture medium 
with osteogenic medium. For rMSCs and hMSCs, the 
osteogenic media consisted of DMEM supplemented 
with 20  mM β-glycerophosphate, 50  µM ascorbic acid 
and 1 µM dexamethasone. For ASC52telo, DMEM was 
supplemented with 2  mM β-glycerophosphate, 50  µM 
ascorbic acid and 0.1  µM dexamethasone. Differentia-
tion was allowed to progress for up to 12 days.

Cell transfection
All GapmeRs used in this study were purchased from 
Exiqon (Qiagen, Vnlo, The Netherlands). GapmeRs 
were acquired for silencing of Smurf1 in rat primary 
cells (3,688,232 LG00220909-DDA) and of human 
SMURF1 in the ASC52telo cell line (Ref. 3,633,952 
LG00783776-DDA). An Antisense LNA GapmeR Neg-
ative Control A (Ref. 339,516) was used as a negative 
control in all the experiments. Lipofection was per-
formed using Dharmafect (Dharmacon, Horizon Dis-
covery, Cambridge, UK) as previously described [22]. 
For transfection, rMSCs and the ASC52telo cells were 
seeded at 20,000 cells/cm2 and 15,000 cells/cm2 respec-
tively. Two hours before transfection, culture medium 
was replaced by Opti-MEM I medium (Invitrogen, 
Waltham, Massachusetts, USA). Twenty-four hours 
after transfection, one volume of DMEM with 10% FBS 
and 1% penicillin–streptomycin was added to the wells. 
Cells were further incubated at 37 °C for another 24 h. 
Forty-eight hours after transfection, cells were washed 
once with PBS and fresh complete culture medium was 
added.

To test GapmeR delivery efficiency we used an Anti-
sense LNA GapmeR Negative Control A labeled with 
fluorescein (Ref. 339,515 LG00000002-DDA). We used 
flow cytometry to confirm GapmeR uptake in the 
cells. A FACSCanto II flow cytometer with FASCDiva 
Sofware (BD Bioscience, San Diego, CA, USA) was 
used to carry out this analysis.
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Quantitative RT‑qPCR analysis
mRNA was isolated from cell cultures, after washing 
the cells twice with PBS and collecting them with TRI-
zol reagent (Invitrogen, Waltham, MA, USA) by scrap-
ing the plate surface. mRNA extraction was performed 
following the TRIzol manufacturer’s protocol. Between 
1 and 1.5 µg of RNA were isolated from a confluent well 
in a 24-well plate. Gene expression analysis was car-
ried out by real-time qPCR. RNA was extracted from 
cell cultures, and cDNA conversion was performed as 
previously described [22]. Taqman assays were used for 
this analysis (ThermoFisher Scientific). Rat probes were: 
Gapdh (Rn01775763_g1), Smurf1 (Rn01412801_m1), 
Runx2 (Rn01512298_m1), Alpl (Rn01516028_m1), 
Bglap (Rn00566386_g1). Likewise, human assays probes 
were as follows: GAPDH (Hs99999905_m1), SMURF1 
(Hs00410929_m1), RUNX2 (Hs00231692_m1), ALPL 
(Hs00758162_m1), BGLAP (Hs01587814_g1), PRELP 
(Hs01941580_s1), FMOD (Hs05021078_s1), CCN2 
(Hs00170014_m1), SPARC​ (Hs00234160_m1).

Conditioned media production
Forty-eight hours after transfection, the cells were thor-
oughly washed with PBS and 0.2  ml/cm2 of MesenPRO 
RS Medium with Glutamax (no supplements) was added 
to the plates. After a 48  h incubation at 37  °C and 5% 
CO2, the conditioned media (CM) was collected. Two 
successive centrifugations (400 g for 10 min at 4  °C and 
1000 g for 10 min at 4 °C) were performed to exclude cel-
lular debris. Finally, the CM was filtered through 0.22 µm 
filters and stored at −80 °C until needed.

Alkaline phosphatase activity
Cells undergoing osteogenic differentiation were washed 
twice with PBS and then collected by scrapping in 0.05% 
Triton X-100 (Merck KGaA, Darmstadt, Germany) to 
lysate the cells. Samples underwent 3 cycles (30’’on/30’’ 
off) of sonication at 4  °C and centrifuged to collect the 
supernatant. Finally, samples were stored at −80 °C until 
needed. Alkaline Phosphatase enzymatic activity was 
quantified as previously stated [28]. Absorbance was 
measured using an Eon Microplate Spectrophotometer 
(BioTek, Winooski, VT, USA).

Mineral deposition staining and quantification
To evaluate mineralization, calcium deposition was 
assessed via Alizarin Red staining. The staining and 
subsequent quantification was conducted using a modi-
fied version of a previously documented procedure [29]. 
Briefly, cell monolayers were fixed using ethanol 70% for 
1  h. Then, cells were washed three times with distilled 
water and Alizarin Red S staining solution was added 
for 10 min at RT. After three more washes with distilled 

water, monolayers were left to dry. Alizarin Red Quan-
tification was performed as recently described [30]. Eon 
Microplate Spectrophotometer was used for absorbance 
detection at 405 nm (BioTek, Winooski, VT, USA).

Proliferation assessment
A colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)−2,5-
diphenyltetrazolium bromide) assay was used to analyse 
cell proliferation. Cells were seeded after 48  h-expo-
sure to secretome, and culture medium was changed to 
DMEM with 0.5 mg/ml of MTT at days 1, 3, 5, 7, and 9. 
After 4  h of incubation at 37  °C, the medium was dis-
carded and 100 µL of 2-propanol were added for another 
10 min at 37 °C incubation on agitation. Absorbance was 
measured at 570 nm (BioTek, Winooski, VT, USA).

Cell migration assay
To assess cell migration capability, a wound healing assay 
was conducted. Cells were seeded at high density in 
6-well plates (25,000 cells/cm2) and transfected accord-
ing to the previously described protocol. Forty-eight 
hours post-transfection, MesenPro medium was intro-
duced, and 400  µm-wide wounds were created in each 
plate. Photographs were captured at 3-h intervals over a 
72-h period. For each sample, six different regions along 
the wound were documented and analyzed. The wound 
area was measured every 12 h. ImageJ 1.53 software was 
used to analyze the images, allowing for the evaluation of 
wound size through the quantification of the empty areas 
within the lesion.

Chemotactic assay
Chemotactic assays were performed using Transwell Per-
meable Support Inserts with an 8.0 µm pore size (Corn-
ing, Somerville, Massachusetts, USA). Cells were seeded 
on the upper side of the insert and incubated overnight 
at 37 °C to allow attachment. Subsequently, conditioned 
media were added to the lower chamber, and the cells 
were returned to the incubator for 24 h. Both sides of the 
insert were then carefully washed with PBS, and 100% 
methanol was added to fix and permeabilize the cells. 
The cells were stained with crystal violet, and the upper 
side of the inserts was carefully cleaned with a cotton 
swab to remove non-migrant cells. After staining, cells 
that had migrated to the lower part of the insert were 
counted using a Zeiss Axiovert 200 Microscope (Zeiss, 
Jena, Germany) and ImageJ 1.53c software.

Ex vivo human bone culture
For establishing ex  vivo bone culture, we collected and 
culture trabecular bone cylinders of the central part of 
human femoral head samples using a trephine. The cylin-
ders were processed as previously described [31]. In brief, 
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bone cylinders, 5  mm Ø were cut in smaller fragments 
of approximately 4–5 mm height, washed with PBS and 
cultured in 50% secretome for 4 days. In day 2, half of the 
culture medium was collected and changed for fresh one. 
Bone pieces were washed with PBS, immersed in TRIzol, 
and disaggregated for subsequent gene expression analy-
ses. Samples were obtained from 3 women with no con-
ditions or medications that may alter bone metabolism.

In vivo ectopic model
A rat ectopic model was used for the analysis of the osteo-
genic capacity in vivo. This model consisted of using scaf-
folds with cells and secretome on 2 months-old healthy 
Sprague–Dawley rats. Secretome was produced as pre-
viously described and concentrated 10X using Amicon 
Ultra-15 centrifugal filter units (Sigma Aldrich, San Luis, 
Missuri, USA). Then, 80,000 rMSCs were resuspended in 
100 µl of secretome and this mixture was load onto 4 mm 
diameter alginate scaffolds. Scaffolds were incubated at 
37  °C overnight to allow cell attachment. Subsequently, 
scaffolds were imbedded intradermally in the back of the 
animals under isoflurane anaesthesia. Scaffolds remained 
in the animals for 8 weeks. Analgesia was maintained for 
2  days after the procedure. All animals carried controls 
scaffolds. The other experimental conditions were ran-
domly allocated to the different animals, so we end up 
with three different scaffolds per condition. After this 
time, all scaffolds were extracted and processed for histo-
logical analysis. Euthanasia of Sprague–Dawley rats was 
performed by CO2 inhalation. All animals used in this 
experiment were housed in the University of Cantabria’s 
Animal Housing and Experimentation Service for the 
duration of the experiment.

Histological analysis
The implants retrieved from the rats were preserved in 
10% formaldehyde for 6  h and subsequently decalcified 
in 20% EDTA in PBS (pH 7.4) for one week at 4 °C, with 
the solution being changed twice weekly. After decalci-
fication, the implants were embedded in paraffin, sec-
tioned into 5-micron slices, deparaffinized, and stained 
using standard protocols. Masson–Goldner Trichrome 
staining was used for collagen detection. For the indirect 
immune-enzymatic technique, the deparaffinized and 
rehydrated sections in Tris buffered saline (TBS) (pH 7.4) 
were subjected to antigen retrieval in citrate buffer (pH 
6) for 5 min at 90 °C and then blocked in a solution of 2% 
FBS in 0.2% TBS-Triton. To study osteogenic differentia-
tion the sections were incubated overnight at 4  °C with 
polyclonal anti-osteocalcin (OCN) antiserum (1:100) 
and polyclonal anti-ALPL antiserum (1:100) in blocking 
buffer. After washing with TBS, the sections were incu-
bated with a donkey anti-rabbit IgG antibody conjugated 

with biotin (1:500) for 60 min, followed by streptavidin-
peroxidase (1:500) for another 60 min. Peroxidase activity 
was visualized using 0.005% 3,3’-diaminobenzidine and 
0.01% hydrogen peroxide in Tris–HCl buffer (0.05  M, 
pH 7.6). The specificity of immunostaining was verified 
by replacing the primary antibodies with normal serum. 
OCN and ALPL stainings were quantified by applying a 
fixed threshold to select for positive staining within the 
implant region, with the positive pixel areas normalized 
to those measured from the control group and reported 
as relative staining intensities. Additionally, the reported 
values were adjusted to account for baseline background 
signal, as determined from negative control samples, 
ensuring accurate representation of specific staining.

In vivo post‑menopausal osteoporotic model
Four-month-old female CD1 mice were used in this 
procedure. Mice underwent dorsal ovariectomy (OVX) 
(n = 12) or were subjected to the same surgical proce-
dure without removing the ovaries (NO-OVX group, 
n = 4). One week after, the OVX mice were randomly 
allocated into 3 groups (4 mice/group). With all the mice 
under isoflurane anesthesia, each of the groups received 
an injection of 5  µl of NaCl (NaCl group), or 5  µl of 
50X concentrated conditioned media (CM-Ctrl or CM-
Smurf1 groups) administered directly into the femur 
medullary cavity. Analgesia was maintained for two days 
after the procedure. Four weeks later mice were sacri-
ficed, and femurs were extracted and fixed. Before tissue 
procurement, mice were injected with an overdose of 
ketamine (180 mg/kg) + xylazine (30 mg/kg) for humane 
euthanasia. Subsequently, bones were scanned by micro-
computed tomography (microCT) using Scanco vivaCT 
80 (Scanco Medical, Brüttisellen, Switzerland) and bone 
architecture was measured. These procedures were 
approved by the Animal Care Committee at the Univer-
sity of Cantabria. All animals used in this experiment 
were housed in the University of Cantabria’s Animal 
Housing and Experimentation Service for the duration of 
the experiment.

Exosomes purification, characterization, and functionality 
assays
Exosome purification was carried out by serial centrifu-
gations at increasing speeds, following manufacturer’s 
instructions of the ExoStep Kit (ImmunoStep, Sala-
manca, Spain). Once isolated from the CM, CD63 and 
CD9 exosome markers were identified by flow cytom-
etry on A FACSCanto II flow cytometer with FASCDiva 
Sofware. Exosomes were characterized in terms of 
average diameter, polydispersity index (PdI), and zeta-
potential (ζ-potential) by dynamic light scattering using a 
Zetasizer Nano (Malvern). All measurements were made 
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in triplicate. Morphological characterization by transmis-
sion electron microscopy (TEM) was performed using 
10 µL simples that were deposited on carbon membrane 
coated cooper grids and stained with a 2% w/v phospho-
tungstic acid solution for 2 min prior imaging.

To evaluated exosomes functionality, human 
ASC52telo MSCs were cultured in Nunc Lab-Tek Cham-
ber Slides (ThermoFisher Scientific) at 15,000 cells/
cm2 and were allowed to attach overnight. Exosomes 
were stained with Vybrant CM-DiI Cell-Labeling Solu-
tion (ThermoFisher Scientific) following manufactured 
instructions. Stained exosomes were resuspended in 
DMEM with 10% FBS and 1% penicillin–streptomy-
cin and added to the cells for 2 h. Cell uptake of stained 
exosomes was recorded using Nikon Eclipse Ti. After this 
time, cells were washed with PBS, fixed with paraform-
aldehyde 3.7% (ThermoFisher Scientific), permeabilize 
using 0.5% Triton X-100 and labelled with phalloidin dye 
conjugate (ab176753; Abcam, Cambrigde, Great Britain) 
to show cell cytoskeleton. Nikon A1R-HD TIRF Confocal 
Microscope (Nikon Instruments Inc) and ImageJ 1.53c 
software were used to verify the cell uptake.

Mass spectrometry
The conditioned media (CM) was produced as stated in 
the “Conditioned Media Production Section”. Twelve 
ml of CM produced for 48  h incubation of cells previ-
ously transfected with Ctrl or SMURF1 GapmeRs were 
centrifuged at 1,000  rpm for 5 min at 4  °C, followed by 
a second centrifugation at 3,000 rpm for 10 min at 4 °C. 
The exosomal fraction was then isolated using ultracen-
trifugation at 100,000 rpm for 1 h at 4  °C in a Beckman 
Optima L90-k ultracentrifuge. The resulting supernatant 
was labeled as the soluble fraction, and the pellet was 
designated as the exosomal fraction. The soluble fraction 
was concentrated using Amicon Ultra 10  kDa centrifu-
gal filters. Both fractions underwent mass spectrometry 
analysis following an in-solution digest protocol. Briefly, 
proteins were denatured with 6  M guanidine hydro-
chloride, reduced, and alkylated with 5  mM TCEP and 
10 mM chloroacetamide, and sequentially digested with 
MS-grade Lys-C and trypsin. Peptides were desalted 
and purified, as described in prior protocols. The eluted 
peptides were lyophilized, resuspended in 0.1% TFA, 
and analyzed using LC–MS/MS on an Orbitrap Fusion™ 
Lumos™ Tribrid™ Mass Spectrometer. Protein identifica-
tion and quantification were carried out using the DIA-
N/N software and Perseus software, with normalization 
to the total protein in the cell culture. Statistical signifi-
cance was determined using an adjusted t-test against 
control CM, with a p-value threshold of 0.05 and a fold 
change of 2 or greater.

Statistical analysis
Error bars on graphs represent the standard error of the 
mean values. Depending on sample size, statistical sig-
nificance was calculated using the Students’ t-test (for 
n > 5) or the Mann–Whitney U test (for n = 3). To assay 
the bone formation in the mouse ectopic model, statis-
tical analysis was performed with SPSS.25 software by 
means of a one-way analysis of variance (ANOVA) with 
a Tukey multiple comparison post-test. Significance was 
set at p < 0.05.

Results
In vivo and in vitro MSCs’ osteogenesis is augmented 
by conditioned media from Smurf1‑deficient rat 
mesenchymal stem cells
We have previously established conditions for the effi-
cient silencing of Smurf1 expression in rat mesenchymal 
stem cells (rMSCs) using a specific GapmeR and have 
demonstrated that this silencing significantly increases 
the osteogenic potential of MSCs in  vivo in both a cal-
varia and an ectopic mouse model [24, 25]. However, the 
ability of these cells to directly undergo osteogenic differ-
entiation upon Smurf1 silencing in vitro is not as evident, 
suggesting a key role of their paracrine activity in vivo. To 
test the hypothesis that the secretome of Smurf1-silenced 
MSCs possesses a substantial osteogenic potential, we 
investigated whether conditioned media (CM) from pri-
mary rMSCs with silenced Smurf1 (rCM-Smurf1) could 
enhance osteogenic differentiation both in  vitro and 
in  vivo. The following experiments were designed to 
investigate the concept of MSC-to-MSC communica-
tion, where the secretome of Smurf1-silenced MSCs may 
influence the osteogenic differentiation of other MSC 
populations, highlighting their potential to modulate the 
local microenvironment through paracrine mechanisms. 
For this purpose, rMSCs were treated with rCM-Smurf1 
and CM of rMSCs transfected with a control GapmeR 
(rCM-Ctrl), for 48  h prior to the induction of osteo-
genic differentiation for 12 days. We hypothesise that the 
secretome acts primarily during the initiation stages of 
osteogenic differentiation, triggering or accelerating the 
process. This hypothesis is supported by the secretome’s 
ability to deliver bioactive molecules which prime cells 
for differentiation by modulating key signalling pathways. 
Given this rationale, we focused on early markers of 
osteogenesis, such as Runx2 and Alpl, to assess the initial 
phases of the differentiation process. Our results indi-
cate a minor increase of the key osteogenic transcription 
factor Runx2 (Runt related factor 2) expression at day 8 
of differentiation in rMSCs treated with rCM-Smurf1 
compared to those treated with CM-Ctrl, although this 
increase was not statistically significant. Nonetheless, 
we observed that, at days 8 and 12, Alkaline phosphatase 
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(Alpl) expression levels were significantly increased in 
cells treated with rCM-Smurf1, suggesting an enhanced 
osteogenic differentiation under this condition (Fig.  1A, 
top panel). This idea was further supported by a signifi-
cant rise in the ALPL activity in cells preconditioned with 
rCM-Smurf1 (378% higher than cells treated with CM-
Ctrl) and the observation that mineralization levels, as 
measured by Alizarin Red staining, were also significantly 
higher (85%) in these cells compared to those pretreated 
with rCM-Ctrl (Figs. 1A bottom panel and B).

Additionally, to analyze the in  vivo pro-osteogenic 
capacity of the rCM-Smurf1, rMSC were seeded in algi-
nate scaffolds and pre-treated with rCM-Smurf1 and 
rCM-Ctrl for 16  h before being ectopically implanted 
in a subcutaneous location in Sprague–Dawley rats, as 
previously described [22] (Fig.  1B). This ectopic model 
enables the specific assessment of the transplanted cells’ 
contribution to bone tissue formation in the scaffold. In 
accordance with current guidelines for the use of experi-
mental animals, and to reduce the number of rats used, 
we performed up to six implants into a single rat [22]. 
As controls, an empty scaffold (No Cells) and a scaffold 
seeded with untreated MSCs were used. The implants 
were surgically removed after 8 weeks, and the extent of 
new bone formation was analyzed by histological tech-
niques. An average of three scaffolds for condition were 
analyzed in these experiments. Bone matrix was par-
ticularly abundant in scaffolds seeded with rMSCs pre-
treated with rCM-Smurf1, as shown by extensive areas 
of collagen-stained dark blue color with the Masson–
Goldner technique (Fig. 1C). Cells embedded within the 
matrix and surrounded by an empty region, resembling 
osteocytes within osteocytic lacunae, were observed in 
the rCM-Smurf1 sample at higher magnification. Quanti-
fication of new bone formation clearly indicates a signifi-
cantly higher presence of bone matrix in the rCM-Smurf1 
scaffolds. Furthermore, immunohistochemistry analysis 
with anti-alkaline phosphatase (ALPL) and anti-osteocal-
cin (OCN) antibodies demonstrated that scaffolds seeded 

with cells pre-treated with the rCM-Smurf1 exhibited 
significantly higher levels of these osteogenic proteins 
compared to those seeded with cells pre-conditioned 
with rCM-Ctrl.

Smurf1‑silenced hMSC‑conditioned media acts 
as an inductive agent for osteogenic differentiation 
in human osteoporotic MSCs
The utilization of a human cell line to generate a pro-
osteogenic conditioned media (CM) would significantly 
streamline the production process for a secretome-based 
biomedical product on an industrial scale. Given that the 
long-term aim of this project is the development of such 
product for human application, we investigated whether 
the effects observed on primary rMSCs could be rep-
licated in a human MSCs cell line. To achieve this, we 
first selected a GapmeR capable of inducing an adequate 
silencing of SMURF1 in the human MSC line ASC52telo. 
By using a GapmeR concentration of 20 nM we were able 
to systematically achieve a silencing of SMURF1 expres-
sion ≥ 80% (Supplementary Fig.  1). Following the estab-
lishment of these silencing conditions, we evaluated the 
osteogenic potential of conditioned media (CM) derived 
from SMURF1-silenced ASC52telo (hCM-SMURF1) and 
a control CM also produced in the ASC52telo cell line 
(hCM-Ctrl). We found a clear trend towards an increase 
in the expression of Alkaline phosphatase (ALPL), one 
of the main osteogenic markers, in ASC52telo cells pre-
treated with the hCM-SMURF1, although this increase 
was not significant (Supplementary Fig. 2). Similar results 
were found when ALPL enzymatic activity was measured 
in the same samples (Supplementary Fig.  2). However, 
the significantly higher levels of mineralization obtained 
by the incubation of the ASC52telo cells with the hCM-
SMURF1 compared to those obtained after the incuba-
tion with hCM-Ctrl, would indicate a positive effect on 
this process of the hCM-SMURF1, underscoring the bio-
logical relevance of our findings (Supplementary Fig. 2).

(See figure on next page.)
Fig. 1  In vitro and in vivo analysis of rMSCs-CM pro-osteogenic potential. (A) Top panel. Relative expression levels of osteogenic markers (Runx2 
and Alpl) in primary rat MSCs were assessed using semi-quantitative PCR after 48-h of pre-treatment with either rCM-Smurf1 or rCM-Ctrl. Bottom 
panel. Left graph illustrates the alkaline phosphatase (AP) activity in rMSCs cells preconditioned with rCM-Smurf1 or rCM-Ctrl. Quantification 
of in vitro mineralization is shown in the bottom panel, right part, of the figure. (B) Alizarin Red staining measuring mineralization was performed 
every four days during osteogenic differentiation. The images display results from representative samples. For all graphs, results are presented 
as means ± SEM. (n = 3) with each sample analyzed in technical triplicates. (C) Masson’s trichrome staining of ectodermically implanted scaffolds 
8 weeks after implantation. Images show histological analysis of sections obtained from decalcified implants. Collagen of the extracellular bone 
matrix stained in dark blue. White arrowheads indicate osteocytes‐like cells surrounded by lacunae and immersed in the mineralized matrix 
(Magnification × 4). A higher magnification shows osteocyte cells surrounded by osteocytic lacunae in CM-Smurf1 (Magnification × 9). Histological 
sections of the ectodermic scaffolds stained by immunohistochemistry with specific antibody for ALPL and OCN (Magnification × 4). Graphs show 
the quantification of new bone formation and ALPL and OCN levels observed in the histological sections. Results are presented as means ± SEM. 
*:p-value < 0.05; **: p-value < 0.01; ***:p-value < 0.001. (n = 3)
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In previous works, we demonstrated that bone mar-
row MSCs from osteoporotic patients (hMSCs-OP) 
exhibit a markedly diminished osteogenic potential 
relative to those derived from healthy donors [27]. 
To in  vitro assess the suitability of CM-SMURF1 as a 

potential pro-osteogenic therapeutic agent, it was essen-
tial to ascertain its efficacy in enhancing the osteogenic 
differentiation of hMSCs-OP. Hence, we produced the 
CM in the human MSC cell line ASC52telo transfected 
with the SMURF1 or Ctrl GapmeRs, using the same 
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procedure as previously described. The pro-osteogenic 
capacity of these two CMs (hCM-SMURF  o hCM-Ctrl) 
was then evaluated by pre-treating hMSCs-OP previ-
ously isolated from the femoral heads of osteoporotic 
patients, with these two CM for 48  h before initiating 
osteogenic differentiation (Fig. 2). The analysis was indi-
vidually performed in a total of twenty-three MSCs pri-
mary cultures, each of them obtained from an individual 
of a cohort of osteoporotic female patients who met 
our stringent inclusion criteria. The analysis at day 20 
of osteogenic differentiation revealed no significant dif-
ferences in the expression levels of principal osteogenic 
genes RUNX2 and ALPL. Nonetheless, a clear tendency 
towards an increase in ALPL expression was observed 
in hMSCs-OP pre-conditioned with hCM-SMURF1 
(Fig.  2A, top panel). Importantly, significant differences 
in both the alkaline phosphatase activity and the mineral-
ization degree of hMSCs-OP pre-treated with the hCM-
SMURF1 were clearly observed across all experiments 
performed (Fig. 2A bottom panel and Fig. 2B). Moreover, 
comparison of the levels of ALPL activity and minerali-
zation induced by the treatment with the hCM-SMURF1 
were highly similar to those observed upon treatment 
of the primary cells with bone morphogenetic protein 2 
(BMP2), a known inducer of bone formation commonly 
used in the clinic (Fig. 2A).

To gain insight into how hCM-SMURF1 affects bone 
formation within the context of bone’s natural microenvi-
ronment, we used human ex vivo bone cultures from the 
femoral head of three osteoporotic patients. A total of six 
bone samples per patient were cultured in an appropri-
ate media in the presence of hCM-SMURF1 or hCM-Ctrl 
as explained in the material and methods section. Bone 
fragments were maintained in culture for 4  days with 
50% CM. After this time, bone fragments were disag-
gregated, and the total mRNA extracted to quantify the 
gene expression of key markers of bone homeostasis. 
Interestingly, the CM from MSCs transfected with the 
SMURF1 GapmeR showed a significant decrease in the 
expression levels of the Receptor Activator of Nuclear 
Factor Kappa B Ligand (RANKL), a key molecule that 
promotes osteoclasts differentiation and activation, lead-
ing to bone resorption (Fig.  2C, top panel). Expression 
levels of Osteoprotegerin (OPG), which acts as a decoy 
receptor for RANKL, were however unchanged, leading 
to an overall reduction of the RANKL/OPG ratio (Fig. 2B, 
bottom panel). This ratio reflects the balance between 
bone resorption and formation, with a higher ratio indi-
cating increased osteoclast activity and potential bone 
loss, while a lower ratio suggests reduced bone resorp-
tion and potential bone preservation. No significant 
changes were however observed in the levels of M-CSF 
(Macrophage Colony-Stimulating Factor) and BGLAP 

(Bone Gamma-Carboxyglutamate protein) (Fig. 2C, bot-
tom panel).

Biosafety of CM‑SMURF1 and effect on basic cellular 
functions
We conducted a series of assays using the ASC52telo 
cell line to gain further insight into the biosafety of the 
CM produced and to investigate its possible impact on 
fundamental cell functions. Initially, we assessed the 
influence of CM from hMSCs where SMURF1 has been 
silenced on cell proliferation by performing an MTT 
assay over a period of nine days. Our findings indicate a 
modest, yet statistically significant increase in cell prolif-
eration in those cells treated with the hCM-SMURF1 at 
day seven, however this proliferative effect did not per-
sist at later time points (Fig. 3A). Cell proliferation data 
are expressed as ratios of absorbance between consecu-
tive days (e.g., Day 5/Day 3, Day 7/Day 5), providing an 
analysis of relative growth dynamics rather than absolute 
cell numbers.

Subsequently, we sought to ascertain the capacity of 
hCM-SMURF1 to facilitate cellular repair following 
mechanical damage in a wound healing assay (Fig.  3B). 
After introducing a defect into a monolayer culture of 
cells treated with the different CMs, the recovery was 
monitored at 0, 12, 24 and 36 h until the surface of the 
plate was fully covered by confluent cells. We observed 
an overall improvement of the migratory capacity in cells 
incubated with CM, however, our results showed no sig-
nificant differences between the control CM and that of 
hMSCs where SMURF1 has been silenced.

To investigate the effect of the different CMs on basic 
properties of MSCs, we investigated whether incubation 
with CM-SMURF1 could affect the chemotactic response 
of MSCs. For this experiment, we employed Stromal cell 
Derived Factor 1-alpha (SDF1-α) as a benchmark chem-
oattractant to evaluate chemotactic responses in MSCs. 
In comparison to a baseline of unconditioned media, 
both CM-Ctrl and CM-SMURF1 demonstrated a signifi-
cantly greater capacity to attract hMSCs (Fig.  3C) than 
that of the control cells growing in the absence of CM. 
We also noted a significantly higher rate of cell migration 
towards hCM-SMURF1, which greater values to those of 
the control CM.

Isolation and characterization of the vesicular fraction 
from the CMs
To efficiently isolate the extracellular vesicles (EVs) 
from both hCM-SMURF1 and hCM-Ctrl samples, and 
to obtain the EV-depleted counterparts, a serial cen-
trifugation protocol was followed according to the 
guidelines of the International Society of Extracellular 
Vesicles (ISEV). Nanoparticle Tracking Analysis (NTA) 
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was used to determine the total particle number and 
the average size of the isolated EVs. The average par-
ticle diameter of the EVs in the fractionated secretome 
was 131.3 ± 3.7  nm for the CM-Ctrl and 114.3 ± 6  nm 
for the CM-SMURF1 (Fig. 4A). This indicates the pres-
ence of nanometer-sized vesicles in both preparations. 
The prominent peaks being in the 50–150  nm range 
suggest the presence of exosomes, which typically 
range from 30 to 50  nm in size. Transmission Elec-
tron Microscopy (TEM) further confirmed the pres-
ence of EVs in both samples showing typical vesicular 
structures in the non-soluble fraction of the secretome 

(Fig. 4B). To further characterize the isolated exosomes, 
an immunobead assay was conducted using a bead-
bound capture antibody and fluorochrome-conjugated 
detection antibody. Flow cytometry analysis confirmed 
that exosomes from both CM-Ctrl and CM-SMURF1 
expressed specific markers CD63 and CD9 on their sur-
face (Fig. 4C).

Staining of EVs with Vybrant CM-Dil verified suc-
cessful internalization of isolated exosomes by MSCs. 
High-resolution 3D images of ASC57telo cells incu-
bated with labelled exosomes for 2  h were recorded 
using live cell confocal microscopy (Fig. 4D and Supple-
mentary Videos 1 and 2).
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Analysis of the pro‑osteogenic activity of the soluble 
and vesicular fractions of CM‑SMURF1
Upon stablishing the protocol for isolating the soluble 
(SF) and vesicular fractions (VF) from hCM-Ctrl and 
hCM-SMURF1 we investigated their individual capabili-
ties to induce osteogenic differentiation. Prior to osteo-
genic induction ASC52telo cells were incubated with 
either the soluble or vesicular fraction derived from 
CM-Ctrl or CM-SMURF1 for 48  h, following the same 
protocol already stablished for the unfractioned CM. 
Subsequently, the media was replaced, and osteogenic 
differentiation proceed as per the standard protocol.

Analysis of osteogenic markers on day 16 post-induc-
tion revealed a significant increase in the RUNX2 expres-
sion in cells pre-treated with the SF. This also applies to 
ALPL expression, which was mirrored by an enhanced 
alkaline phosphatase activity in the SF of CM-SMURF1 

compared to that of the CM-Ctrl (Fig. 5A). Although no 
substantial changes in the aforementioned parameters 
were detected when compared the vesicular fractions of 
CM-Ctrl and CM-SMURF1, significantly higher degrees 
of mineralization, quantified via alizarin red staining, 
were evident between the CM-Ctrl and the CM-SMURF1 
in both the soluble and vesicular fractions, which might 
reflect a contributory role of both fractions in the miner-
alization process in vitro (Fig. 5A and B).

We next sought to identify proteins that were differ-
entially regulated in the soluble and vesicular fractions 
of hCM-SMURF1 and hCM-Ctrl. For that, we compared 
the proteomes of the soluble and vesicular fractions 
of CM-Ctrl and CM-SMURF1 from four independent 
silencing experiments by mass spectrometry. The study 
identified several affected proteins in both the solu-
ble and vesicular fractions (Fig.  5C and Supplementary 

Fig. 4  Characterization of the vesicular fractions isolated from CM-Ctrl and CM-SMURF1. (A) Nanoparticle Tracking Analysis (NTA) showing particle 
size distribution of isolated EVs (B) Transmission Electronic Microscopy (TEM) image of EVs isolated from CM-Ctrl and CM-SMURF1. Scale bar 50 nm. 
(C) Flow cytometry analysis using a bead-bound capture antibody system for the detection extracellular vesicle (EVs) markers. CD63 and CD9. (D) 
Confocal microscopy images shown EV stained with Vybrant CM Dil (red) and MSCs stained with Phalloidin (green) after two hours of exposition 
of cells to the stained EVs. Images obtained were composed by ImageJ
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Information_Tables  1 and 2). Volcano plots showing 
differently expressed proteins between hCM-Ctrl and 
hCM-SMURF1 for both SF and VF (Supplementary 
Figs.  3 and 4 respectively). Statistical significance was 
determined using an adjusted t-test against CM-Ctrl, 
with a p-value threshold of 0.05 and a fold change of 2 
or greater. Among these proteins, we identified key regu-
lators of bone formation, PREPL (Prolyl Endopeptidase 
Like) and FMOD (Fibromodulin) overrepresented in 
the soluble fraction of CM-SMURF1, whereas SPARC​ 
(Secreted Protein Acidic And Cysteine Rich) and CCN2 
(Cellular Communication Network Factor 2) were over-
represented in the vesicular fraction of CM-SMURF1. In 
all cases, the validation by qPCR of the MS results agreed 
with the relative abundance of those proteins found in 
the MS analysis (Fig. 5D).

To have an overview of the principal processes asso-
ciated with the proteins which levels were significantly 
different in the two sets of samples, we performed Gene 
Ontology (GO) analysis (Supplementary Fig.  5). Sig-
nificantly enriched proteins from the CM-SMURF1 
exosomal fraction were associated with GO functional 
annotation biological processes “extracellular matrix 
organization” and “ossification”(Supplementary Fig. 5).

Conditioned media from SMURF1‑silenced cells reduces 
OVX‑induced bone loss
We used an ovariectomized (OVX) mouse model to 
simulate osteoporosis in postmenopausal women, aim-
ing to evaluate the influence of conditioned media (CM) 
from transfected cells on bone regeneration. To perform 
this analysis, it was first necessary to generate the experi-
mental CMs in a mouse MSC line C3H10t1/2 where we 
are able to achieve efficient silencing of the Smurf1 gene 
[22]. One week after the ovariectomy we conducted a 
one-time intramedullary injection in the femurs of the 
mice (Fig.  6A). Three groups of OVX mice were stab-
lished: One was injected with NaCl (NaCl), one group 
was injected with CM from murine MSCs transfected 
with a control GapmeR (CM-Ctrl), and one with CM 
from cells transfected with a GapmeR targeting Smurf1 

(CM-Smurf1). A control group where ovariectomy was 
not performed was also included in this experiment (No-
OVX). (Fig. 6B).

Trabecular bone changes in the distal femur were ana-
lyzed using a micro-CT scan one month after injection 
(Fig.  6A). The NaCl-treated group exhibited a signifi-
cant decline in trabecular bone showing bones almost 
depleted of trabecular structures compared to the NO-
OVX mice. Importantly, mice injected with the CM-
Smurf1 showed a higher proportion of trabecular bone 
compared to both the OVX mice and CM-Ctrl groups 
(Fig. 6B).

Further analysis of micro-CT parameters revealed 
a significant increase in the Bone Volume to Total Vol-
ume (BV/TV) ratio in CM-Smurf1 compared to both the 
OVX and CM-Ctrl, indicating a bone formation effect 
of Smurf1 silencing on the pro-osteogenic activity of the 
CM. The positive effect of CM-Smurf1 was also reflected 
in the trabecular number (Tb.N) and trabecular separa-
tion (Tb.sp) values, though no significant differences 
were observed at this level between the CM-Ctrl and 
CM-Smurf1 groups (Fig.  6C). No significant differences 
in cortical bone parameters were observed between the 
different experimental groups (Supplementary Fig. 6).

Discussion
The significant increase in osteoporosis prevalence, cou-
pled with the limitations and side effects of current phar-
macological therapies, necessitates the development of 
new treatment strategies. New anabolic drugs such as 
Romosozumab have created great expectations in the 
field of osteoporosis due to its dual antiresorptive and 
osteoanabolic actions [32, 33]. Nevertheless, concerns 
remain with regards to the potential adverse effects of 
Romosozumab on endocrine and cardiovascular systems 
[34]. These concerns underscore the need for alterna-
tive treatment strategies that are both clinically safe and 
cost-effective.

MSCs secretome has been highlighted in recent years 
as a possible therapeutic approach for tissue regenera-
tion [35]. However, since natural secretome might not 

(See figure on next page.)
Fig. 5  Pro-osteogenic activity of the soluble (SF) and vesicular (VF) fractions of CM-SMURF1. (A) Top Panel. Expression of osteogenic markers, 
alkaline phosphatase activity and mineralization at day 16 of osteogenic differentiation after preconditioning with either the soluble (SF) or vesicular 
(VF) fractions of the hCM-SMURF1. RUNX2 and ALPL expression, as well as alkaline phosphatase activity and mineralization show significant increases 
in SF of hCM-SMURF1 in relation to hCM-Ctrl. VF do not impact RUNX2, ALPL or alkaline phosphatase activity, however significant enhancement 
in mineralization is observed. Results are presented as means ± SEM (n = 3). *: p-value < 0.05; **: p-value < 0.01; ***: p-value < 0.001. (B) Alizarin 
Red staining of representative samples reflecting the stimulation of mineralization in the SF and VF of hCM-SMURF1. (C). Volcano plot showing 
differently expressed proteins between hCM-Ctrl and hCM-SMURF1 for both SF and VF. Statistical significance was determined using an adjusted 
t-test against CM-Ctrl, with a p-value threshold of 0.05 and a fold change of 2 or greater. (D) Validation of relative expression by quantitative PCR of 2 
genes overexpressed in soluble fraction (SPARC​ and CCN2) and 2 genes overexpressed in vesicular fraction (PREPL and FMOD) of CM-SMURF1. Results 
are presented as means ± SEM. *: p-value < 0.05. (n = 5)
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be able to provide sufficient optimal regenerative effects 
in various disease conditions, secretome bioengineering 
is currently being explored. The plasticity of the MSCs 
secretome allows modulation of the composition of its 
different fractions (soluble and vesicular) to increase its 
osteo-regenerative potential. This enhancement can be 

achieved by different means, including the suppression 
of anti-osteogenic proteins via genetic manipulation. 
Such intervention could lead to significant changes in the 
production of diverse bioactive molecules, resulting in a 
secretome that could positively influence the entire bone 
marrow microenvironment and promote bone formation. 
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Consequently, this optimized secretome would hold 
increased utility as a therapeutic tool.

This current study explores the potential of using the 
secretome from SMURF1-silenced MSCs as a novel ther-
apeutic approach for osteoporosis. Previous works from 
our group have shown that transient silencing of Smurf1, 
a known BMP signaling inhibitor [36], in murine MSCs 
of osteoporotic animals leads to a significant increase 
in bone formation in  vivo [24]. However, when Smurf1 
was silenced in murine MSCs in vitro prior to inducing 
osteogenic differentiation, the pro-osteogenic effect was 
significantly smaller and did not correspond with the 
substantial bone formation observed in vivo [22]. These 
results would suggest a key role of the paracrine action 
of the SMURF1-silenced MSCs in bone formation, align-
ing with previous studies that highlight that many of the 
regenerative effects of MSCs are due to their ability to 
empower tissue-resident cells through the secretion of 
trophic factors rather that to their intrinsic potential to 
differentiate into specific cell lines [37–39].

To further investigate the osteogenic potential of the 
secretome of cells where SMURF1 has been silenced, we 
performed different in  vitro analyses where rat primary 
MSCs and cells from the human cell line ASC52telo were 
respectively pre-treated with conditioned media (CM) 
from murine (CM-Smurf1) or human (hCM-SMURF1) 
cells where this gene had been previously silenced, 
prior to the induction of osteogenic differentiation. Our 
in  vitro results clearly indicate that the CM from cells 
modified in this fashion enhances osteogenic differentia-
tion, as evidenced by the significantly increased alkaline 
phosphatase (ALPL) activity and mineralization in rat 
primary MSCs pre-treated with the CM-Smurf1, and the 
increased mineralization in the ASC52telo hMSCs pre-
treated with the hCM-SMURF1. Several studies have 
consistently shown that mineralization assays, such as 
alizarin red staining, provide the most conclusive evi-
dence of functional osteogenesis [40, 41]. Although, 
except for the increase in Alpl expression in the murine 
system, none of the key osteogenic markers demonstrated 
statistically significant alterations in their expression lev-
els, the enhanced mineral deposition after pretreatment 
of human or murine MSCs with the correspondent CM, 
serves as a definitive indicator of enhanced osteogenic 
differentiation in both systems. The marked effect of CM-
SMURF1 on bone regeneration in the ectopic rat model 
further supports these in  vitro results, demonstrating 
the considerable bone-forming activity of the secretome 
from cells in which SMURF1 has been silenced. Impor-
tantly, the increased mineralization of MSCs pre-treated 
with hCM-SMURF1 also extends to primary MSCs iso-
lated from osteoporotic patients (hOP-MSCs), charac-
terized by an intrinsically reduced osteogenic potential 

[27] proving the considerable osteo-inductive potential 
of hCM-SMURF1 even under pathological conditions. 
This enhanced mineralization  results replicated in all 
these different biological settings clearly increases  the 
generalizability of the effects and their biological consist-
ency, suggesting that the underlying biological mecha-
nisms are evolutionally conserved. These results also 
highlight the crucial role of the BMP signaling pathway, 
highly conserved across diverse organisms [42], under-
scoring its potential as a target for medical interventions 
aimed to promote bone regeneration. It is also impor-
tant to highlight that the osteogenic induction mediated 
by hCM-SMURF1 seems to be as effective as BMP2 in 
promoting bone regeneration in hOP-MSCs in  vitro. 
Although BMP2 is most commonly applied in surgical 
procedures for bone regeneration for its osteoinductive 
properties, its usefulness in promoting bone mineraliza-
tion in vitro, provides us a with a benchmark for evaluat-
ing the functional capacity of the hCM-SMURF1[43, 44]. 
The fact that CM-SMURF1 is able to induce comparable 
levels of mineralization to those induced by BMP2, sug-
gests that this CM-SMURF1 possesses significant osteo-
genic capabilities.

Our study also confirms that CM from human MSCs 
with silenced SMURF1 is non-cytotoxic and does not sig-
nificantly affect cell proliferation and migration of MSCs, 
the latter being imperative for systemic tissue repair pro-
cesses such as those compromised in osteoporosis. The 
increased chemotactic responses observed in cells pre-
treated with CM-SMURF1 might be of use for the func-
tionalization of scaffolds to create a bone replacement 
material with intrinsic cell-attractive ability. The over-
all enhanced activity of all CM in wound healing assays 
implies potential benefits of all CM for bone regenera-
tion. However, CM-SMURF1 and CM-Ctrl-treated MSCs 
seem to be equally active in these processes. The fact that 
this secretome does not exhibit apparent cytotoxic effects 
opens the possibility for its clinical application. This 
non-cytotoxic nature is crucial, as it ensures the safety of 
using CM-SMURF1 in therapeutic settings, potentially 
allowing for the development of novel treatments that 
leverage its osteo-inductive and chemotactic properties 
without adverse effects on cellular health.

Ex vivo bone cultures preserve the natural architecture 
and cellular interactions of the bone tissue, allowing for 
a more physiologically relevant environment compared 
to in  vitro cultures of isolated bone marrow MSCs [45, 
46]. In ex  vivo cultures, the spatial organization, extra-
cellular matrix composition, and interactions between 
various cell types—such as osteoblasts, osteoclasts, and 
stromal cells—mimic the in  vivo setting more closely. 
This setup provides insights into how an agent affects 
bone formation within the context of the bone’s natural 
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microenvironment, including the signaling pathways and 
cellular responses in a three-dimensional tissue context. 
Our ex  vivo human bone culture analysis showed that 
incubation with a CM from MSCs transfected with a 
GapmeR specific for the silencing of SMURF1, resulted 
in a marked decrease in RANKL expression, a key mol-
ecule for osteoclast differentiation and activation, while 
the levels of osteoprotegerin (OPG), a decoy recep-
tor that binds to RANKL preventing it from interact-
ing with its receptor, remained unchanged. This led to a 
reduced RANKL/OPG ratio, indicating lower osteoclast 
activity and bone resorption, as a higher OPG level rela-
tive to RANKL means less stimulation for osteoclasts 
to mature and resorb bone [47, 48]. In this ex vivo con-
text, the unchanged levels of M-CSF, a crucial factor for 
the survival and proliferation of osteoclast precursors, 
would suggest that the bioactive agent/s present in the 
secretome affecting RANKL do not interfere with the 
recruitment or survival of these osteoclasts precursors. 
No significant change was either observed in the expres-
sion levels of BGLAP, a marker for osteoblasts activity, 
suggesting that osteoblast activity remains constant in 
this experimental setting. These findings highlight hCM-
SMURF1’s potential as a targeted therapy for osteoporo-
sis by inhibiting osteoclast activity and bone resorption. 
The effectiveness of hCM-SMURF1 in reducing RANKL 
levels would make it a promising candidate for further 
in vivo studies and clinical trials aimed at treating bone 
resorption disorders.

These results from the in  vivo analysis performed 
through an intraosseous injection in the femur of a post-
menopausal osteoporotic mouse model would indicate 
that the CM from Smurf1-silenced cells (CM-Smurf1) 
significantly enhances bone regeneration and density 
in osteoporotic conditions induced by OVX. The bone 
structure in the CM-Smurf1 group closely approximates 
that of the No-OVX group, suggesting its potential effi-
cacy in treating osteoporosis. Notably, these results were 
achieved after a single injection of CM-Smurf1, suggest-
ing that extended treatment could further prevent bone 
loss. This finding underscores the potent effect of the 
secretome from Smurf1-silenced MSCs, promoting bone 
formation and reducing bone loss more effectively than 
the control conditioned media. These observations sup-
port the hypothesis that Smurf1-silenced MSC-derived 
secretome can enhance bone regeneration and may serve 
as a promising therapeutic approach for osteoporosis.

We isolated the soluble and vesicular fractions of the 
secretome of ASC52telo cells where SMURF1 has been 
silenced, and analyzed their osteogenic effects separately 
to allow for the identification of specific bioactive com-
ponents and their mechanisms of action. The results 
indicate that the soluble fraction (SF) of CM-SMURF1 

significantly enhances the expression of Runx2 compared 
to the vesicular fraction (VF). Runx2 serves as a master 
gene that orchestrates the expression of other osteogenic 
genes [49]. The elevated expression of Runx2 in response 
to SF treatment suggests that the soluble components of 
the secretome play a more pivotal role in initiating osteo-
genesis. Similarly, the expression of ALPL, which encodes 
alkaline phosphatase, is also markedly increased in cells 
treated with the SF compared to those treated with the 
VF. Despite these differences at the level of induction of 
osteogenic genes, both fractions seem to promote simi-
lar levels of in vitro mineralization. While the upregula-
tion of osteogenic markers such as RUNX2 and ALPL is 
crucial for the initial stages of osteoblast differentiation, 
mineralization is a multifaceted process that involves not 
only gene expression but also the deposition of the extra-
cellular matrix and subsequent mineral deposits. This 
mineralization process is not solely dependent on the 
expression of osteogenic genes but also on the functional 
activities of various enzymes and matrix proteins. Extra-
cellular vesicles can enhance mineralization by providing 
necessary components and signals that promote or cata-
lyze the deposition of mineral content within the extra-
cellular matrix, a key step in bone formation [50, 51]. 
In summary, the vesicular fraction (VF) likely promotes 
mineralization through mechanisms that involve direct 
enhancement of mineral deposition, provision of osteo-
inductive components, and modulation of the extracel-
lular environment, which together complement the early 
osteogenic gene expression induced by the soluble frac-
tion (SF). These combined effects result in similar levels 
of mineralization observed in vitro, despite differences in 
early gene expression and enzyme activity.

To further elucidate the mechanisms by which the SF 
and VF impart their pro-osteogenic effects, mass spec-
trometry analysis of the two fractions was conducted. For 
each of the fractions we performed a gene ontology (GO) 
analysis of proteins differentially represented in the Ctrl 
and SMURF1-silenced samples, using a p-value thresh-
old of 0.05 and a fold change of 2 or greater. This analysis 
identified functions that can be associated with regenera-
tion processes such as “regulation of cell morphogenesis” 
or “post-transcriptional regulation of gene expression” 
in the soluble fraction of CM-SMURF1 whereas func-
tions suggesting a positive switch towards pro-osteogenic 
functions such as “extracellular matrix organization” or 
“ossification” are enriched in vesicular fraction of CM-
SMURF1. Some of the factors identified in the soluble 
and vesicular fractions of the CM-SMURF1, whose dif-
ferential expression was validated by qPCR, play impor-
tant roles in bone formation. SPARC​ (Secreted Protein 
Acidic and Cysteine Rich) is crucial for bone mineraliza-
tion, influencing the deposition of minerals within the 
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bone matrix. It interacts with extracellular matrix com-
ponents and growth factors, enhancing osteoblast pro-
liferation and differentiation [52, 53]. On the other hand, 
CCN2 (Cellular Communication Network Factor 2), is 
also crucial for osteogenesis. It promotes osteoblast dif-
ferentiation and bone matrix production by interacting 
with key signaling pathways such as TGF-β, BMPs, and 
Wnt [54]. CCN2 enhances the maturation and activity 
of osteoblasts, which are essential for bone formation. It 
binds to TGF-β and BMPs, enhancing their signaling and 
promoting bone matrix production [55]. Furthermore, 
CCN2 has multiple domains that enable it to interact 
with various proteins in the extracellular matrix (ECM), 
facilitating complex signaling necessary for bone devel-
opment [56].

Overall, the engineered secretome from SMURF1-
silenced MSCs showcases important osteogenic poten-
tial, presenting a compelling opportunity for clinical 
translation in osteoporosis treatment. While scaling up 
the production of MSC-derived secretome to industrial 
levels involves significant challenges, advancements in 
bioreactor technology, standardization protocols, and 
regulatory frameworks provide a feasible path forward. 
By addressing issues related to cell expansion, consist-
ency, isolation, and compliance, large-scale produc-
tion can be achieved. The non-cytotoxic nature of this 
secretome and its ability to enhance mineralization in 
MSCs from osteoporotic patients highlight its poten-
tial as a safe and effective therapeutic tool. This novel 
approach could provide a significant advancement in the 
treatment of osteoporosis, offering a promising alterna-
tive to current pharmacological therapies.

Conclusion
In conclusion, our findings demonstrate that the 
secretome from SMURF1-silenced MSCs significantly 
enhances osteogenic potential, offering a promising ther-
apeutic approach for osteoporosis. Both the soluble and 
vesicular fractions contribute to improved mineraliza-
tion and osteogenic differentiation. Mass spectrometry 
and gene ontology analyses identified key regenerative 
pathways, while in vivo studies confirmed the substantial 
bone-forming activity of the secretome. Importantly, the 
pro-osteogenic potential was also proven in primary cells 
from osteoporotic patients, highlighting its relevance in 
pathological conditions. This novel, non-cytotoxic, and 
effective treatment could revolutionize osteoporosis 
management, providing a safe and cost-effective alterna-
tive to current therapies.
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