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Osteoporosis is a chronic bone disease characterized by impaired bone
remodeling and increased fracture risk. While classical mechanisms implicate
estrogen deficiency, aging, and altered receptor activator of the nuclear
factor-«xB ligand (RANKL)/osteoprotegerin (OPG) signaling, growing evidence
supports a pivotal role of immune and inflammatory pathways in sustaining
osteoclast-mediated bone resorption. A distinctive hallmark observed in
osteoporotic patients is spontaneous osteoclastogenesis (SO), defined as the
ability of mononuclear precursors to differentiate into osteoclasts even in
the absence of exogenous stimuli such as RANKL or macrophage colony-
stimulating factor (M-CSF), a process driven by an intrinsically primed in vivo
microenvironment that includes platelets. We hypothesize that platelets may
contribute to this priming not only through soluble mediators but also via the
release of extracellular vesicles, particularly exosomes enriched in regulatory
microRNAs (miRs). Within this framework, platelet-derived exosomal miRs (P-
EXO-miRs) may orchestrate multiple intercellular interactions within the bone
marrow microenvironment, modulating monocytes, macrophages, stromal and
endothelial cells, as well as T and B lymphocytes. Specifically, miR-21, miR-
223, miR-214, and miR-155 emerge as key candidates capable of regulating
cytokine secretion, inflammatory signaling, and the RANKL/OPG balance,
thereby promoting a pro-osteoclastogenic milieu. Network-based analysis using
miRNet further supports the involvement of these miRs in pathways such as
Hedgehog, Wnt, and actin cytoskeleton regulation, all relevant to osteoclast
differentiation and function. Through these mechanisms, P-EXO-miRs may
amplify chronic low-grade inflammation and facilitate spontaneous osteoclast
differentiation and activity, ultimately contributing to bone loss in osteoporosis.
Future investigations should aim to experimentally validate this platelet—bone
axis, delineate the molecular targets of individual miRs, and explore their
potential as circulating biomarkers or therapeutic targets. By unveiling this
previously unrecognized role of platelet-derived miRs in SO, this hypothesis
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opens new perspectives for the understanding, early detection, and treatment

of osteoporosis.
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1 Introduction

Osteoporosis is a chronic, systemic bone disease characterized
by low bone mass, deterioration of bone microarchitecture, and
an increased risk of fragility fractures (1, 2). It affects hundreds
of millions of people worldwide, predominantly postmenopausal
women and elderly individuals, and is a major cause of disability
and morbidity (3, 4). The pathophysiology of osteoporosis has
traditionally been viewed through the lens of imbalanced bone
remodeling, whereby bone resorption by osteoclasts exceeds bone
formation by osteoblasts, leading to net bone loss (1, 2). Although
hormonal factors (e.g., estrogen deficiency), nutritional status,
and aging are key contributors, increasing evidence highlights
the pivotal role of immune and inflammatory mechanisms in
exacerbating osteoclast-mediated bone resorption (5-7).

An emerging phenomenon during osteoporosis is spontaneous
osteoclastogenesis (SO), defined as the differentiation of peripheral
blood mononuclear cells (PBMCs) into mature, multinucleated,
bone-resorbing cells in the absence of exogenous factors, e.g.,
receptor activator of nuclear factor kappa-B ligand (RANKL)
or macrophage colony-stimulating factor (M-CSF) (8-10). This
“spontaneous” behavior reflects the persistence of in vivo priming
signals that predispose circulating monocytes toward osteoclast
commitment. SO has been observed in cultures of PBMCs from
osteoporotic patients and is thought to result from an “intrinsically
primed” bone microenvironment (11). This environment is
enriched in pro-inflammatory cytokines such as tumor necrosis
factor-a (TNFa), interleukin-1f (IL-1B), and IL-6, and is further
influenced by altered RANKL/osteoprotegerin (OPG) expression
and by the activity of immune cells such as activated T lymphocytes
and macrophages (11). Together, these factors lower the activation
threshold for osteoclast precursors, enabling osteoclastogenesis
even in the absence of canonical stimuli.

Nonetheless, other factors may contribute to the modulation
of, or be associated with, SO in this pathological setting. Growing
evidence suggests a positive correlation between platelet levels
and decreased bone mineral density (BMD) associated with
osteoporosis (12, 13). Platelets, long recognized for their role
in hemostasis and thrombosis, have gained attention also as
versatile regulators of immunity and tissue remodeling (14-16).
Beyond releasing growth factors and cytokines upon activation,
including platelet-derived growth factor (PDGF), transforming
growth factor-p (TGF-B), CCL5 (RANTES), and CXCL12 (SDF-
1), platelets can also influence local and systemic inflammatory
processes (13). Platelet activation is often increased in aging,
metabolic disorders, and chronic inflammatory states, all of which
overlap with the risk factors for osteoporosis (16).
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In recent years, platelets have also emerged as a source of
extracellular vesicles (EVs), particularly exosomes (30-150 nm),
which carry bioactive molecules such as proteins, lipids, and nucleic
acids, especially microRNAs (miRs) (17). Platelets release exosomes
during activation or apoptosis, contributing to intercellular
communication and modulation of biological processes (17).
Although anucleate, platelets retain the cytoplasmic machinery
necessary for miR maturation, enabling them to process precursor
miRs into mature forms. Key enzymes such as Dicer and Ago2
are functionally active, and complexes like Ago2-miR-223 have
been shown to regulate important platelet targets, including P2Y12
(18). These findings indicate that platelets are not passive carriers
of megakaryocyte-derived miRs but have the intrinsic ability to
generate mature miRs. Recent in-depth transcriptional analyses
have identified up to 532 different miRs and as many as 3000-
6000 mRNA in human platelets (19, 20), among which the most
abundantly expressed include miR-21, miR-155, miR-214, and
miR-223 (21). A substantial body of research has progressively
demonstrated the profound biological roles of platelet-derived
miRs, which not only regulate platelet protein synthesis but can
also be transferred to recipient cells, thereby modulating gene
expression and impacting both physiological and pathological
processes (19-21).

Recently we hypothesized that
inflammatory cytokines may indirectly stimulate SO, thereby

platelet-derived  pro-

contributing to the loss of bone mass associated with osteoporosis
(11). Additionally, we propose that the interaction between
platelets and endothelial cells, macrophages, and other immune
cells, all key players in bone resorption and pathophysiology of
osteoporosis, could mediate this relationship. Here, we build upon
previous discussions and propose that P-EXO-miRs, released by
activated platelets in osteoporotic conditions, may provide an
additional stimulus for SO. Exploring this innovative vision of
platelet-bone axis, which was not addressed prior, may provide
new insights into SO in osteoporosis and open avenues for
innovative diagnostic and therapeutic strategies.

2 Platelet-derived exosomal-miRs

Platelets are the second most abundant blood cell type and
possess three principal types of secretory organelles, a-granules,
dense granules, and lysosomes, which collectively store a wide
range of bioactive molecules. Alpha-granules, the most abundant,
contain over 280 proteins, including von Willebrand factor
(VWE), platelet factor 4 (PF4), P-selectin, and PDGF (22, 23).
Dense granules are enriched in small signaling molecules such
as calcium, ADP/ATP, and serotonin (5-hydroxytryptamine) (24),
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while lysosomes, though less abundant, store acid hydrolases,
cathepsins, and lysosomal membrane proteins (25).

Beyond the classical soluble mediators, a substantial pool
of extracellular vesicles (EVs) is stored in platelet granules
and released upon activation and apoptosis (26). Among these,
exosomes, small lipid bilayer vesicles of 30-150 nm, originate
from the endosomal system through the inward budding of late
endosomal membranes, leading to the formation of multivesicular
bodies (MVBs) that subsequently fuse with the plasma membrane
to release their contents (23, 27-29). Their biogenesis is regulated
by the endosomal sorting complexes required for transport
(ESCRT) machinery and associated proteins such as ALIX and
TSG101 (30, 31). Once secreted, exosomes serve as key mediators
of intercellular communication, transferring bioactive cargos,
including microRNAs (miRs), messenger RNAs, proteins, lipids,
and metabolites, to recipient cells and thereby influencing gene
expression, differentiation, and functional behavior.

The surface of exosomes bears characteristic membrane
proteins, including tetraspanins (CD9, CD63, CD81), integrins,
adhesion molecules, and proteoglycans, which together determine
their stability, cellular tropism, and uptake mechanisms (32). These
features confer a high degree of targeting specificity, allowing
exosomes to operate as a finely tuned communication network
within complex tissue environments. In compartmentalized niches
such as the bone marrow, exosomes can traverse the extracellular
matrix and vascular barriers to deliver concentrated molecular
messages to osteogenic, stromal, endothelial, and immune cells
(32). This capacity for localized and systemic signaling renders
them particularly relevant in disorders marked by aberrant bone
remodeling, such as osteoporosis.

Platelet-derived (P-EXOs)
predominant exosomal population in circulation, accounting for

exosomes constitute  the
more than 70% of plasma EVs (27). Their molecular composition
reflects the activation state of their parental platelets, which are
exquisitely responsive to inflammatory, metabolic, and mechanical
cues. P-EXOs carry a broad repertoire of cargos, including mRNAs,
proteins, lipids, and, notably, miRs, that can modulate gene
expression in recipient cells (23, 28-34). Among these, miRs are
small non-coding RNAs (18-25 nucleotides) that regulate up to
two-thirds of human genes by promoting mRNA degradation
or inhibiting translation (33). Their intrinsic stability against
endogenous ribonucleases enables efficient communication across
both short and long distances (33, 34). Consequently, P-EXO-
miRs represent a versatile system linking platelet activation to
systemic regulation of gene expression. Their abundance, cargo
diversity, and dynamic modulation under pathological conditions
suggest a potential role as both biomarkers and effectors of altered
bone remodeling. It is therefore plausible that P-EXO-miRs
contribute to the dysregulation of bone homeostasis observed in
osteoporosis and SO.

Given the of P-EXO-miRs in
communication, it is important to clarify also what makes

relevance intercellular
them distinct among circulating exosome populations. Unlike
exosomes released from other circulating or stromal cell types,
P-EXOs quantitatively predominant vesicle
population in human plasma, accounting for more than half of

constitute the
all circulating exosomes (35). This abundance, combined with

their high reactivity to physiological stimuli, positions platelets as
a major hub of intercellular communication (36). The molecular
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composition of P-EXOs mirrors that of their parental platelets,
which are uniquely sensitive to inflammatory, metabolic, and
mechanical cues (37). In contrast to leukocyte- or endothelial-
derived exosomes, P-EXOs are particularly enriched in hemostatic
proteins, lipid mediators, and specific miRs (miR-21, miR-223,
miR-126, miR-146a), which collectively reflect platelet activation
states (19-21).

In the context of osteoporosis and other age-related
inflammatory conditions, increasing evidence indicates that
platelets undergo functional remodeling (12-16). Hyperactivation
of platelets has been reported in postmenopausal and senile
osteoporosis, accompanied by elevated levels of circulating
platelet-derived vesicles and altered miR signatures (12-16, 38).
For example, upregulation of pro-inflammatory miRs such as
miR-21, miR-155, and miR-223 has been observed in osteoporotic
subjects, suggesting that platelet-derived miRs may serve as
systemic indicators of the chronic inflammatory and oxidative
milieu characteristic of bone loss (39). Moreover, these P-EXOs
can interact with immune and stromal cells in the bone marrow,
transferring such osteoimmunomodulatory miRs to influence
osteoclast differentiation and activity.

Taken together, the unique quantitative predominance,
dynamic responsiveness, and disease-associated remodeling of
P-EXOs distinguish them from other exosomal sources, making
them compelling candidates as both mediators and biomarkers of
the SO processes observed in osteoporosis.

3 Hypothesized link between
P-EXOs-miRs and spontaneous
osteoclastogenesis in Osteoporosis

In osteoporosis, platelets are thought to become activated
and release P-EXOs (35). These exosomes carry regulatory miRs
(P-EXOs-miRs), which may contribute to remodeling the bone
marrow microenvironment and promoting SO.

Efficient delivery of P-EXOs to the bone marrow niche likely
depends on molecular recognition between exosomal surface
proteins and adhesion receptors on target cells (40). Platelet-
derived exosomes are enriched in tetraspanins (CD9, CD63, CD81),
integrins (alIbf3, aVP3), and P-selectin, all of which may mediate
selective binding to activated endothelium, stromal cells, and
mononuclear phagocytes. Under osteoporotic conditions, chronic
low-grade inflammation increases endothelial permeability and
upregulates adhesion molecules such as ICAM-1, VCAM-1, and
selectins, potentially enhancing P-EXO recruitment to the marrow
(41, 42). Moreover, chemokines such as CCL2 and CXCL12,
typically elevated in osteoporosis, may act as molecular “beacons”
guiding P-EXOs to specific niches where osteoclast precursors
reside (43, 44). Once in proximity, these vesicles are internalized
by endocytosis, phagocytosis, or membrane fusion, releasing their
miR cargo and initiating downstream signaling cascades that
culminate in SO.

Figure 1 summarizes the principal cellular and molecular
interactions hypothesized, which can be organized into five
synergistic pathways contributing to SO.

(i) miR-21 and miR-223 as exosomal mediators of
hematologic-immune-bone crosstalk
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endothelial-mediated osteoclastogenesis.

P-EXOs are efficiently internalized by CD14" monocytes
and bone marrow macrophages, where they deliver miR cargos
that modulate transcriptional programs converging on canonical
osteoclastogenic pathways, with miR-21 and miR-223 emerging
as particularly relevant mediators (45). First, miR-21 is thought
to exert a pro-osteoclastogenic role by targeting and suppressing
the expression of inhibitory molecules such as programmed cell
death 4 (PDCD4) and sprouty homologs 1 and 2 (SPRY1/2)
(46, 47). PDCD4 functions as a negative regulator of osteoclast
differentiation by repressing the activation of transcription factors
that are indispensable for this process, most notably nuclear
factor of activated T cells cytoplasmic 1 (NFATcl) (46, 47). In
parallel, SPRY1/2 act as endogenous antagonists of the MAPK/ERK
signaling cascade, thereby limiting downstream induction of
c-Fos and other osteoclastogenic effectors (46-48). The concerted
suppression of these inhibitory checkpoints by miR-21 would thus
relieve the transcriptional blockade on both the MAPK/ERK-c-
Fos axis and the NFATcl pathway. Consequently, miR-21 could
facilitate the synchronized upregulation and functional cooperation
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of c-Fos and NFATcl, which together constitute the master
regulators of osteoclast lineage commitment and differentiation
(48). Within this hypothesis, P-EXO miR-21 may therefore act as a
molecular amplifier of osteoclastogenesis, shifting the bone marrow
microenvironment toward a pro-resorptive state that contributes
to bone loss in osteoporosis. In parallel, miR-223 is proposed to
contribute to osteoclastogenesis primarily through its capacity to
modulate cytokine secretion by macrophages. This miR has been
implicated in the regulation of transcripts controlling the synthesis
and release of key pro-inflammatory mediators, including TNF-
o, IL-1B, and IL-6 (46, 49). These cytokines are well-established
regulators of osteoclast differentiation and activity, acting through
both direct and indirect mechanisms (49). Specifically, TNF-o can
directly enhance osteoclast precursor differentiation and survival,
while also indirectly promoting osteoclastogenesis by stimulating
RANKL production in stromal cells and osteoblasts (49). IL-18,
in turn, may potentiate osteoclast activity not only by direct
stimulation of mature osteoclasts but also by upregulating RANKL
synthesis in neighboring cells (49). IL-6 further contributes to the
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osteoclastogenic milieu by activating multiple pathways, including
the induction of RANKL expression and the amplification
of inflammatory signaling cascades (49). By regulating the
transcription or stability of mRNAs encoding these cytokines, miR-
223 delivered by P-EXOs could therefore shape a pro-inflammatory
and pro-resorptive bone marrow environment (50-53). Within this
framework, miR-223 acts as an immunomodulatory switch that
enhances the paracrine crosstalk between macrophages, stromal
cells, and osteoclast precursors, thereby reinforcing the conditions
necessary for spontaneous osteoclast differentiation in osteoporosis
(48, 51, 52). Taking together, these mechanisms support the
hypothesis of functional intercellular communication between
platelets, macrophages, and bone compartment, whereby exosomal
miRs orchestrate a crosstalk among the hematologic system, the
immune system, and bone metabolism, ultimately promoting
spontaneous osteoclast differentiation and activation.

(ii) Exosomal miR-214 and the paracrine modulation of the
RANKL/OPG equilibrium by stromal and osteoblastic cells

Beyond their effects on monocytic and macrophagic precursors,
P-EXOs may also interact with stromal cells and osteoblasts,
two pivotal cellular components of the bone marrow niche that
orchestrate osteoclastogenesis by finely tuning the balance between
receptor activator of RANKL and its soluble decoy receptor
OPG (54). In this context, the transfer of miR-214 via P-EXOs
may exert a dual and convergent impact on the osteoblastic
compartment (54, 55). On one hand, miR-214 has been shown
to suppress the expression of activating transcription factor 4
(ATF4) and runt-related transcription factor 2 (RUNX2), both of
which are indispensable for osteoblast differentiation and function.
Their repression would compromise the capacity of stromal cells
and osteoblasts to mature and sustain bone formation (55).
On the other hand, miR-214 may directly downregulate OPG
expression, thereby eliminating a crucial inhibitory checkpoint
that restrains RANKL-mediated osteoclast activation (54, 55). The
combined effects of impaired osteoblastogenesis and reduced OPG
production would ultimately shift the RANKL/OPG ratio in favor
of RANKL. This imbalance would create a microenvironment
intrinsically permissive to osteoclast differentiation and activity,
even in the absence of acute inflammatory or hormonal triggers
(54-56). Thus, miR-214 carried by P-EXOs emerges as a potential
molecular link between defective bone formation and excessive
bone resorption, amplifying the pathogenic cascade that underlies
SO in osteoporosis.

(iii) Exosomal miR-155 as a driver of pro-inflammatory
macrophage activation and osteoclastogenesis

An additional critical mechanism for SO may involve
the indirect activation of the inflammatory bone marrow
microenvironment mediated by P-EXOs. In particular, the transfer
of miR-155 to resident macrophages has the potential to skew
their polarization toward a pro-inflammatory M1 phenotype,
thereby enhancing the secretion of cytokines such as TNF-a, IL-
1B, and IL-6 (57). These cytokines are well-recognized cofactors
in osteoclastogenesis, as they not only promote the differentiation,
survival, and resorptive activity of osteoclasts but also exert
profound inhibitory effects on the osteoblastic compartment (50,
58-60). Specifically, TNF-a has been shown to suppress osteoblast
differentiation by downregulating essential transcription factors,
including RUNX2, Osterix, and members of the BMP family,
while simultaneously inducing apoptosis in mature osteoblasts and
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reducing the synthesis of extracellular matrix proteins such as type I
collagen (50). Similarly, IL-1B impairs bone formation by inhibiting
matrix mineralization, repressing the expression of osteogenic
genes such as ALPL and COL1A1, and stimulating the production
of reactive oxygen species in stromal cells, further compromising
osteoblast viability and function (50). IL-6, in turn, has been
implicated in diverting mesenchymal stem cell commitment away
from the osteoblastic lineage toward adipogenesis (50). In addition,
IL-6 can directly suppress the activity of mature osteoblasts through
activation of the STAT3 pathway, ultimately leading to reduced
osteocalcin synthesis (50). Beyond these paracrine effects, miR-
155 also acts intracellularly by targeting suppressor of cytokine
signaling 1 (SOCS1) and SOCS3, two critical negative regulators of
JAK/STAT signaling (61). Under physiological conditions, SOCS1
and SOCS3 function as endogenous brakes that limit the magnitude
and duration of cytokine responses (61, 62). Their inhibition by
miR-155 would unleash sustained STAT activation, reinforcing
the pro-inflammatory state of macrophages and stromal cells
(63). This prolonged signaling not only stabilizes M1 macrophage
polarization but also potentiates IL-6/STAT3 activity in stromal and
osteoblastic cells, further impairing osteoblastogenesis and bone
matrix synthesis (61-63). Through this combination of SOCS1/3
suppression and cytokine-mediated paracrine effects, P-EXO-
delivered miR-155 may therefore act as a central amplifier of
bone marrow inflammation and bone resorption, reinforcing the
conditions that underlie SO in osteoporosis.

Nevertheless, given the pleiotropic nature of miR-155 signaling,
it is important to acknowledge that its biological role is highly
context-dependent. While several studies identify miR-155 as a pro-
osteoclastogenic mediator through the promotion of inflammatory
macrophage polarization, other evidence suggests that it can
also exert regulatory or inhibitory effects on osteoclastogenesis,
depending on the cytokine and metabolic context (49). In the
setting of osteoporosis, however, chronic low-grade inflammation
and oxidative stress are likely to favor the pro-inflammatory and
osteoclastogenic functions of miR-155, amplifying the positive
feedback loops between immune activation and bone resorption.

(iv) Platelet-Derived miRs in the crosstalk between immunity
and osteoclastogenesis

Several miRNAs carried by platelet-derived exosomes
(including miR-21, miR-155, miR-214, miR-223, and let-7a-
5p) may be also internalized by resident immune cells in the bone
marrow, such as neutrophils, T lymphocytes, and B lymphocytes,
thereby modulating their phenotype and function toward a
pro-inflammatory state (64, 65).

Activated platelets interact with neutrophils to form stable
aggregates that promote the release of proteolytic enzymes (e.g.,
elastase, cathepsins) and the production of reactive oxygen species
(ROS) (64). In addition to sustaining local inflammation, these
platelet-neutrophil aggregates are major sources of neutrophil
extracellular traps, which further concentrate proteases and
oxidants at the bone-immune interface. This oxidative and
proteolytic microenvironment enhances activation of the
RANK/RANKL axis, either by directly stimulating osteoclast
precursors or indirectly through the recruitment and activation
of additional immune cells (66). Moreover, oxidative stress can
activate transcription factors such as NF-kB and NFATcl in
pre-osteoclasts, accelerating their differentiation into mature bone-
resorbing cells (66, 67). In parallel, proteases and ROS remodel the
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extracellular matrix, not only degrading structural components but
also liberating matrix-bound growth factors (e.g., TGF-f, IGFs),
which further support osteoclastogenesis (68).

Helper T-cell subsets, particularly Th17 cells, play a pivotal
role in the regulation of bone resorption through their release
of pro-inflammatory cytokines (68). Among these, IL-17 and
TNF-a are potent mediators of osteoclastogenesis, acting both
directly on osteoclast precursors and indirectly by stimulating
stromal and osteoblastic cells to enhance RANKL expression
(68). Notably, the osteoporotic microenvironment, enriched in
IL-6, IL-1p and TNF-a, may further promote Th17 polarization,
thereby amplifying local pro-osteoclastogenic signals (69). A key
upstream event is Th17 cell polarization, i.e., the differentiation
of naive CD4 + T cells into Th17 effectors (69). This process is
driven by a specific cytokine milieu: TGF-B provides the baseline
signal, while inflammatory cytokines such as IL-6, IL-1f8, and
IL-21 amplify the differentiation cascade, with IL-23 stabilizing
the Th17 phenotype (50, 69). The transcription factor RORyt is
the master regulator of this lineage, while additional modulatory
signals, such as oxygen tension, microbiota-derived metabolites,
and the aryl hydrocarbon receptor (AhR) pathway, further tune
the magnitude of Thl7 responses (70). Within this context,
exosomal miRs, particularly miR-155, have emerged as critical
modulators of immune polarization. By targeting transcriptional
and signaling pathways in CD4 + T cells, miR-155 favors a shift
toward Th1/Th17 phenotypes, thereby amplifying the release of IL-
17, TNE-a, and other pro-osteoclastogenic mediators (68). These
cytokines not only promote the differentiation and activation of
osteoclast precursors but also create a feedback loop that sustains
inflammation and bone resorption.

Under inflammatory conditions, B cells become an alternative
source of RANKL and cytokines such as TNF-a, IL-6, and IL-
18 (71). Beyond their canonical role in antibody production,
activated B cells can therefore function as key immunomodulators
of bone remodeling, directly promoting osteoclast differentiation.
In osteoporosis and other chronic inflammatory states, B cells often
shift toward a pro-inflammatory phenotype, driven by cytokine
signaling and miR regulation. MiRs including miR-223 and miR-
214 have been implicated in modulating B-cell activation and
cytokine profiles, favoring the release of osteoclastogenic mediators
(72,73).

The convergence of these events results in increased local
RANKL availability, reduced OPG levels, and the establishment
of a persistent inflammatory microenvironment that favors
spontaneous osteoclast differentiation even in the absence of
external stimuli. Moreover, the functional reprogramming of
neutrophils, T cells, and B cells not only amplifies pathological bone
resorption but also embeds these immune populations into the
broader network of immune-skeletal interactions, thereby further
consolidating the concept of osteoimmunology.

Nonetheless, as observed for miR-155, both miR-21 and
miR-223 exhibit context-dependent biological activities that can
shift according to the inflammatory and metabolic milieu.
MiR-223 has been shown to act as a negative regulator of
osteoclast differentiation under physiological conditions, whereas
in inflammatory or hypoxic environments it can promote
osteoclast precursor activation (74). Likewise, miR-21 has been
reported to influence both osteogenic and osteoclastogenic
pathways depending on the signaling background (75). Within
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the chronic pro-inflammatory and oxidative microenvironment
typical of osteoporosis, persistent platelet and immune activation
likely bias the function of these miRs toward a net pro-
osteoclastogenic outcome. This context-dependent regulation
highlights the dynamic nature of exosomal miRNA-mediated
communication in bone remodeling.

(v) Platelet-Derived miRs shaping endothelial contributions
to osteoclastogenesis

Bone marrow endothelial cells, particularly those lining the
sinusoids, represent highly sensitive targets of P-EXOs, even under
physiological conditions. Exosome internalization is facilitated
by endothelial receptors such as CD36 and integrins and
induces a functional remodeling of endothelial cells toward a
pro-inflammatory and chemoattractive state, resulting in the
production of cytokines, chemokines, and hematopoietic growth
factors (76, 77). In this context, several P-EXO-derived miRs may
contribute in a complementary manner. miR-155, through direct
repression of SOCS1, promotes macrophage polarization toward
an M1 phenotype, prolongs activation of the JAK/STAT1 pathway,
and enhances the secretion of pro-inflammatory cytokines such
as TNF-a and IL-6 (57, 78). Similarly, miR-21 suppresses SOCS1
and SOCS3, thereby amplifying inflammatory responses in both
endothelial cells and macrophages, whereas miR-126 regulates
vascular permeability and increases the chemoattractive capacity
of endothelial cells, facilitating the recruitment of circulating
monocytes into the bone marrow (79, 80). Endothelial activation
mediated by these miRs leads to overproduction of cytokines and
growth factors such as IL-6, IL-8, MCP-1 (CCL2), GM-CSE and
G-CSF (81). These factors not only attract monocytes from the
circulation but also promote their proliferation and differentiation
into osteoclast precursors. This local environment further induces
the expression of M-CSF and RANKL, thereby sustaining osteoclast
differentiation and survival.

Taken together, these processes foster the establishment of
a pro-osteoclastogenic and pro-inflammatory microenvironment,
capable of amplifying osteoclast formation and activity even in the
absence of exogenous stimuli, thereby supporting the concept of SO
in the bone marrow mediated by P-EXOs.

Although these five signaling routes (i, i, iii, iv, v) are described
separately for conceptual clarity (Figure 1), several evidences
suggest that they operate in a tightly interconnected manner within
the bone marrow microenvironment. Rather than functioning as
isolated cascades, P-EXO-miRs form a dynamic communication
network in which each pathway can modulate or amplify the
others through cytokine signaling, transcriptional feedback, and
reciprocal regulation of target cells. For instance, P-EXO-miR-
155-induced activation of macrophages promotes the secretion of
TNF-a and IL-1B, which in turn stimulate stromal and endothelial
cells to increase RANKL expression, thereby enhancing osteoclast
precursor differentiation. These cytokines may also upregulate
adhesion molecules such as VCAM-1 and ICAM-1, indirectly
favoring further P-EXO homing and uptake, thus establishing a
reinforcing loop between inflammation and exosomal signaling.
Likewise, miR-21 and miR-223 may synergistically activate NFATc1
and c-Fos, driving a sustained osteoclastogenic phenotype, while
miR-214 suppresses osteoblast-derived OPG, further skewing the
RANKL/OPG balance toward resorption. In parallel, exosomal
miR-146a and miR-27a, known regulators of NF-kB and Wnt
pathways, could act as modulators that fine-tune these signals,
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preventing excessive bone destruction yet maintaining a chronic
low-grade activation state. The overall outcome is a self-amplifying
molecular network in which P-EXO-miRs not only initiate but also
perpetuate a pro-osteoclastogenic milieu.

This integrative framework suggests that P-EXOs could
act as central orchestrators linking inflammation, cellular
crosstalk, and gene-regulatory feedback, ultimately shaping
the microenvironment that favors SO.

4 Discussion and future perspectives

The hypothesis that P-EXO-miRs act as modulators of SO in
osteoporosis offers a novel perspective on the platelet-bone axis.
Previous studies have largely emphasized the contribution of pro-
inflammatory cytokines and immune dysregulation in osteoclast-
driven bone loss, while the role of platelet exosomes has remained
unexplored (82). The proposed framework integrates hematologic,
immune, stromal, and endothelial pathways, thereby extending
current views of osteoporosis pathophysiology toward a more
complex and intercellularly orchestrated model. To strengthen
the robustness of this hypothesis, a search of the literature was
conducted using PubMed, Scopus, and Web of Science (2000-
2025) with the terms ‘platelet exosomes, ‘osteoclastogenesis;
‘miRNA; and ‘osteoporosis.” Only peer-reviewed articles focusing
on human or mammalian models were considered.

From a mechanistic standpoint, P-EXO-miRs may exert
pleiotropic effects: (i) direct priming of osteoclast precursors
through the suppression of inhibitory checkpoints and induction
of canonical osteoclastogenic transcription factors; (ii) alteration
of the RANKL/OPG axis in stromal and osteoblastic cells
via miR-214, simultaneously impairing bone formation and
removing restraints on osteoclast activation; (iii) induction
of low-grade chronic inflammation through miR-155-mediated
macrophage polarization and cytokine release; (iv) immune system
reprogramming, whereby neutrophils, T cells, and B cells acquire
pro-osteoclastogenic phenotypes; and (v) endothelial activation,
establishing a chemoattractive and growth factor-rich niche that
sustains osteoclast precursor recruitment and differentiation. The
convergence of these mechanisms provides a biologically plausible
explanation for the phenomenon of SO in osteoporosis, even in
the absence of classical exogenous stimuli. However, to further
clarify the regulatory landscape involving the principal P-EXO-
miRs identified in our hypothesis (miR-21, miR-155, miR-214,
miR-223), an integrated platform linking miRNA tools, miRNet
(version 2.0)!, was used to predict miR-gene interactions (83).
The miR-gene interaction data were collected from miRTarBase
v9.0 using miRBase IDs. In the network, miRs (blue squares) are
connected to their predicted target genes (pink circles), revealing a
dense and complex web of interactions (Figure 2A). By reducing
network complexity, 11 genes, such as ACBD5, AGO2, AGO4,
ABCD3, ABCB1, ALMS1, ADNP, ANKRD28, ENAH, CSNK1A1,
ANP32A, emerged as central nodes (Figure 2B). These hub genes
are involved in critical signaling pathways, including the Hedgehog
and Wnt pathways and regulation of the actin cytoskeleton, all of
which are known to contribute to osteoclast differentiation and

1 http://www.mirnet.ca
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activity. While some of the hub genes may influence these processes
indirectly, the network underscores their central role in regulating
miR-mediated signaling relevant to osteoclast function.

Despite its conceptual appeal, this hypothesis requires rigorous
validation. One challenge lies in the specificity of platelet-
derived exosomes: while platelets represent a major source of
circulating vesicles, other blood and marrow cells also release
miR-containing EVs, which may confound attribution of effects
to P-EXOs alone. Furthermore, the heterogeneity of exosomal
cargo depending on the nature of platelet activation (e.g., aging,
metabolic dysregulation, inflammatory triggers) adds complexity
to experimental design. Another limitation is the current paucity
of in vivo data directly linking P-EXO-miRs to bone loss or
fracture risk. In addition to these limitations, several key questions
remain unanswered: Why should these specific P-EXO-miRs
(e.g., miR-21, miR-155, miR-214, miR-223) preferentially activate
osteoclastogenic pathways, while other platelet-derived miRs
appear less involved? Do platelets possess molecular machinery
to selectively process and mature these miRs, and if so, what
determines this specificity? Which specific alterations in the
osteoporotic bone marrow microenvironment act as triggers
for platelet activation and the release of osteoclastogenesis-
promoting exosomes? Could non-platelet-derived vesicles carrying
overlapping miRs confound the attribution of osteoclastogenic
effects to P-EXOs alone?

Future studies should address these gaps by employing a
multilayered approach. At the molecular level, next-generation
sequencing of P-EXO-miRs in osteoporotic versus healthy
individuals could identify disease-specific signatures. Functionally,
in vitro co-culture systems incorporating osteoclast precursors,
osteoblasts, immune cells, and endothelial cells could help dissect
the cell-specific uptake and effects of P-EXO-miRs. In vivo,
mouse models of platelet depletion or exosome inhibition,
combined with genetic manipulation of candidate miRs (e.g., miR-
21, miR-155, miR-214, miR-223), may clarify causality. Finally,
translational studies are warranted to explore whether P-EXO-miR
profiles correlate with bone mineral density, fracture incidence,
or response to anti-resorptive therapy. Importantly, it may also
be fundamental to evaluate the effect and behavior of P-EXO-
miRs in relation to specific lifestyle factors. For instance, cigarette
smoking has been shown to alter circulating miR profiles,
contributing to impaired bone metabolism and increased fracture
risk (84). Similarly, visceral obesity is associated with altered
platelet-derived miR expression (e.g., increased miR-19a), leading
to enhanced platelet activation and pro-inflammatory signaling
(85). A high-fat diet has also been linked to dysregulated
platelet activity and changes in circulating miRs involved in
lipid metabolism and inflammation (86). Conversely, regular
aerobic exercise may beneficially modulate platelet miR profiles
(such as miR-223), improving platelet reactivity and reducing
thrombotic potential in individuals with metabolic disorders (87).
From a therapeutic standpoint, the platelet-bone exosome axis
may represent both a diagnostic biomarker source and a novel
intervention target. Circulating P-EXO-miRs could be exploited
as minimally invasive indicators of osteoclastogenic potential
or disease activity. Conversely, strategies to modulate P-EXO-
miR release, block their uptake, or selectively inhibit key miRs
might restore the balance between bone formation and resorption.
Such approaches could complement existing anti-resorptive and
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ADNP, ANKRD28, ENAH, CSNK1A1, ANP32A, which are involved in key signaling pathways, including the Hedgehog and Wnt pathways and the

anabolic therapies, particularly in patients with inflammatory or

platelet-related comorbidities.

In conclusion, the proposed role of P-EXO-miRs in SO
highlights an unrecognized dimension of osteoimmunology. By
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and skeletal remodeling,
our understanding of

osteoporosis but also paves the way for innovative diagnostic
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