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The osteogenic process is a complex and dynamic biological phenomenon essential
for the initial formation of bones during embryonic development and the continuous
remodeling and repair of bones throughout an individual’s life. It involves coordination
of various cell types, signaling pathways, and environmental factors to ensure proper
bone formation and maintenance. The main role in this process belongs to bone marrow
cells and peripheral blood cells. This paper provides an overview of currently available
literature data about different contributions of bone marrow cells and peripheral blood
cells to the osteogenic process. Focusing on their differentiation, signaling pathways,
and interactions within the bone microenvironment this article aims to provide a
comprehensive understanding of how these cells orchestrate the osteogenic process,
offering insights into their therapeutic potential. Understanding these complex cellular
interactions is crucial for the development of advanced therapeutic approaches in
regenerative medicine and orthopedics, which will ultimately improve outcomes in
patients with bone defects and bone-related disorders.
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INTRODUCTION

The bones represent basic components of the skeletal system in all vertebrates which
serves as a support for the rest of the body, allows body movements and protection
of vital organs and whose integrity is often damaged by bone defects [1]. Bone defects
are commonly consequence of trauma, tumors, congenital malformations or diseases
[2]. Since their presence greatly disrupts the quality of life and very often leads to
permanent disability of a patient, a significant medical challenge for orthopedic and
maxillofacial surgery represents the reconstruction of bone defects. Transplantations
of autologous bone grafts were indicated as the gold standard in the treatment of
bone defects [2-4]. However, autotransplantation has disadvantages such as the
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necessity of another surgical intervention, small amount of available bone, risk of
infection, and donor site morbidity. Alternatives to autotransplantation in many cases
involve bone substitutes such as allogenic bone and xenogenic bone substitutes, and
also the use of different biomaterials [2,3]. All of them possess limitations and risks
in their application. These challenges have directed extensive researches, primarily
conducted on animal models, towards the development of alternative strategies
for bone regeneration and repair, among which cell-based therapies have a great
promising potential [5]. The use of appropriate animal models (commonly rodents as
small animal and dogs, sheep and pigs as large animals) is critical to improve current
treatment methods and develop novel rescue therapies [6-8]. In order to translate the
results obtained on animal models to humans, it is necessary to take into account
the anatomical and histological differences as well as differences in physiological and
biochemical processes [1,9].

It is known that beside bone marrow cells, peripheral blood cells are also involved in
osteogenic processes and those different cells by different mechanisms contribute to
bone formation [10-12]. Thus, understanding the intricate interplay between these
cells, both 7z vitro and in vivo, is of paramount importance for developing cell-based
therapeutic strategies for the reconstruction of bone defects [5].

The central theme of this work is the characterization of bone marrow and blood cells,
their contribution and mutual interaction in bone formation, homeostasis and repair
as a basis for further development of alternative strategies for bone regeneration. By
integrating findings from basic and translational research, a comprehensive overview
of cellular interactions underlying osteogenesis is provided, with the therapeutic
potential of bone marrow and blood cells for the treatment of bone defects and bone-
related disorders. Also, this review provides key insights into the fundamental processes
of bone biology, contributing to a broader understanding of bone physiology and
pathology.

BONE MARROW CELLS

Bone marrow represents a vital tissue located within the cavities of bones, primarily
of the axial skeleton, including the pelvis, sternum, and vertebrae. The composition of
bone marrow is very complex and consists of various cells and different extracellular
matrix components which play critical roles both in hematopoiesis and osteogenesis
[13-106]. According to the histological findings and function it is classified into two
types: red bone marrow and yellow bone marrow. Red bone marrow is primarily
involved in the production of blood cells, including erythrocytes, leukocytes, and
platelets [17], while the yellow bone marrow, mainly includes adipocytes and serves as
a reservoir for fats. Under specific conditions, such as severe blood loss or anemia the
yellow bone marrow can transform back into red bone marrow [13].
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Mesenchymal Stem Cells (MSCs)

Mesenchymal stem cells (MSCs) are adult multipotent stromal progenitor cells that
reside in the bone marrow. They have a crucial role in the osteogenic process because
they possess the capacity to differentiate into various cell types, including osteoblasts,
chondrocytes, and adipocytes in response to specific signals and microenvironmental
cues [13,15]. They contribute to tissue regeneration by secreting various growth
factors and cytokines that recruit endogenous progenitor cells to the injury site and
regulate the function of other cells, including osteoclasts and endothelial cells, thereby
influencing bone remodelling and vascularization [18-20]. Their unique characteristics
allows them to perform their physiological roles in the organism and also make them
promising candidates for regenerative medicine and tissue engineering applications.

Characteristics of MSCs

In the body, the MSC population is maintained by continuous self-renewal throughout
an individual’s lifetime as a life-long source of progenitor cells. Some of these cells
undergo continuous cell division where one part of them retains their undifferentiated
state and ability to divide and the other part undergoes differentiation in response
to specific environmental factors [13,15,18]. Apart from their direct role in restoring
the fund of tissue and organ cells, MSC also exhibit immunomodulatory properties,
allowing them to interact with immune cells and modulate the inflammatory response

[10].

Since, MSCs have the ability to differentiate into different cells of mesodermal lineage
as well as ectodermal (neurocytes) and endodermal lineages (hepatocytes) [10,15,18],
this multilineage 7 vitro and in vivo differentiation potential makes them crucial in the
maintenance and remodelling of different tissues, especially in bone remodelling and
regeneration [21].

One of the primary morphological features of MSCs is their elongated, spindle-
shaped, fibroblast-like appearance when observed under a microscope which is
consistent across various sources of MSCs [15,18,21]. Given that these cells do not
have a unique morphology and it is not possible to distinguish them according only
to their morphology, thus there were several attempts to characterize MSCs according
to the expression of cell surface markers. Finally, it is accepted that characteristics of
MSCs is the expression of CD73, CD90, and CD105, while they lack the expression
of CD14, CD34, CD45 and HLA (human leukocyte antigen)-DR [21].

Sources of MSCs

Primarily, MSCs were identified in the bone marrow, where they reside in a specialized
microenvironment called the “stem cell niche” [13,18]. Subsequent studies have
demonstrated that MSCs can also be isolated from various other tissues. Adipose-
derived stem cells (ASCs) are stem cells isolated from adipose tissue that share many
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similarities with bone marrow-derived MSCs (BM-MSCs) in terms of differentiation
potential, immunomodulatory properties and regenerative capacity [22]. Unlike BM-
MSCs, ASCs can be obtained from abundant adipose tissue by a minimally invasive
procedure which gives high yield of cells. Different works reported that ASCs possess
not only osteoconductive capacity, but also osteoinductive capacity that recruits adipose
tissue as a potential and rich source of MSCs for further clinical application [22,23].
MSCs are also isolated from different other tissues such as the umbilical cord, different
dental tissues, placenta, extraocular muscle, and ocular adipose tissue. It is shown that
the highest osteogenic differentiation potential hold the bone marrow MSCs, while the
differentiation potential and potential application of MSCs cells isolated from other
tissues depends on the tissue source they are isolated from [18,21].

From mesenchymal stem cells o osteoblasts

The osteogenic differentiation of MSCs into osteoblasts represents a complex series
of events influenced by various factors within their microenvironment, including
cell-cell interactions, paracrine factors, mechanical stimuli, hormones, and cytokines
[18]. These factors activate numerous signaling molecules associated with different
molecular pathways such as bone morphogenetic proteins (BMPs), NOTCH,
WNT, HEDGEHOG, and NELL-1 [24]. These pathways, both independently and
in conjunction with other signaling molecules, regulate the differentiation of MSCs
into osteoblasts by triggering specific osteogenic transcription factors that ultimately
lead to the expression of osteoblast-specific genes or play an inhibitory role such as
BMP13 and NOTCH [24].

As a key transcription factor, MSCs begin to express core-binding factor alpha-1
(CBFA1, also known as RUNX2), which marks the commitment of MSCs to the
osteoblast lineage. RUNX2 drives the expression of osteoblast-specific genes, such
as genes for alkaline phosphatase (ALP), osteocalcin (OCN), and bone sialoprotein
(BSP), which promote the deposition and mineralization of the bone matrix [25].
As these osteoblasts mature and continue to secrete the bone matrix, some become
embedded within the matrix and differentiate further into osteocytes. This transition
is marked by the downregulation of osteoblast markers like ALP and OCN, and the
upregulation of osteocyte-specific markers such as sclerostin (SOST) and dentin
matrix protein 1 (DMP1) (Figure 1) [25].

For a potential therapeutic application, MSCs can be used immediately after isolation
or they can be pre-conditioned or combined with other cells and signaling molecules
in order to activate osteo-promoting signaling and to enhance the therapeutic benefits
before cell transplantation [21]. Current researches predominantly focus on using
MSCs for bone regeneration as local MSC injection or application in combination
with scaffolds. Despite the progress, local application has limitations particularly for
systemic conditions like multiple fractures and osteoporosis. In such cases, systemic
administration of MSCs is considered more promising, practical and suitable, but still
has a lot of challenges to be overcome [26].
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Figure 1. Characteristics of MSCs and their differentiation toward osteogenic lineage. ALP:
alkaline phosphatase; OCN: osteocalcin; BSP: bone sialoprotein; SOST: sclerostin; DMP1:
dentin matrix protein 1

Hematopoietic Stem Cells (HSCs)

Hematopoietic stem cells (HSCs) represent rare multipotent stem cells that reside in
the bone marrow and which are primarily responsible for the continuous production
of blood and immune cells throughout an individual’s life [27]. Beside their primary
role in hematopoiesis, they possess the capability to differentiate into osteoclasts, that
is cells that are vital for the osteogenic process [28,29].

Characteristics of HSCs

One of the main characteristics of HSCs is their multipotency [27,30]. HSCs undergo
a series of divisions and differentiations to produce multipotent progenitor cells
(MPPs), which retain the ability to differentiate into multiple lineages but have limited
self-renewal capacity compared to HSCs. MPPs further differentiate into lineage-
restricted progenitors, such as common myeloid progenitors (CMPs) and common
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lymphoid progenitors (CLPs). CMPs give rise to myeloid cells, including granulocytes,
monocytes, erythrocytes, and megakaryocytes, while CLPs differentiate into lymphoid
cells, such as T cells, B cells, and natural killer (NK) cells [31].

Within the population of HSCs, there are two distinct subsets: long-term HSCs (LT-
HSCs) and short-term HSCs (ST-HSCs). These subsets are defined based on their
capacity for self-renewal and their contribution to hematopoiesis over time. LT-
HSCs are characterized by their extensive self-renewal capacity and ability to sustain
hematopoiesis throughout an individual’s lifetime. These cells reside predominantly in
the bone marrow niche and are typically quiescent, dividing infrequently to maintain
the stem cell pool and minimize the risk of accumulating genetic damage [32,33].
The quiescent state of LT-HSCs is regulated by various intrinsic factors, such as
transcription factors and epigenetic regulators, as well as extrinsic signals from the
bone marrow microenvironment [27,33]. On the contrary, ST-HSCs have a limited
self-renewal capacity and are primarily responsible for the rapid replenishment of
blood cells following injury or stress. These cells are more proliferative than LT-HSCs,
giving rise to MPPs that further differentiate into all blood cell lineages. ST-HSCs are
crucial in maintaining hematopoiesis over shorter periods, typically spanning several
weeks to months [17].

The bone marrow niche provides essential extrinsic signals that regulate HSC behavior.
These signals include cytokines, growth factors, and interactions with niche cells such
as osteoblasts and MSCs [33]. Osteoblasts regulate HSC quiescence and proliferation
through the secretion of factors such as osteopontin (OPN) and angiopoietin-1
(ANG-1), while endothelial cells contribute to the vascular niche, providing signals
that support HSC maintenance and mobilization [13,17] (Figure 2).

The NOTCH signalling pathway plays a significant role in maintaining HSC quiescence
and preventing premature differentiation, while the WNT signalling pathway is involved
in both HSC self-renewal and differentiation. CXCL12, or stromal cell-derived factor
1 (SDF-1), is produced by stromal cells and osteoblasts in the bone marrow. It binds
to the CXCR4 receptor on HSCs, facilitating their retention in the niche and regulating
their localization and migration [17].

Under a microscope, HSCs appear similar to lymphocytes, with a slightly irregular,
condensed chromatin pattern, and often display a lack of prominent nucleoli. Due
to their morphological similarity to other hematopoietic cells, HSCs are primarily
identified by a combination of surface markers and functional characteristics rather
than morphology alone. It is accepted that in humans HSCs can be identified and
isolated based on the expression of specific positive cell surface markers as CD34,
CD49f, CD90 and EPCR [34] (Figure 2).
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Figure 2. Characteristics of HSCs and their differentiation toward osteoclasts. OPN:
osteopontin; ANG-1: angiopoietin-1; RANKL: receptor activator of nuclear factor kappa-B
ligand; M-CSF: macrophage colony-stimulating factor; NFATc1: nuclear factor of activated
T-cells, cytoplasmic 1

Sources of HSCs

The bone marrow is the primary site of HSC residence in adults, where they reside
within specialized microenvironments known as the stem cell niche [17]. Beside the
bone marrow, HSCs atre isolated from newborns’ umbilical cord blood, which has
gained significant attention due to its ease of collection, lower risk of graft-versus-
host disease, and higher proliferative capacity compared to adult bone marrow-derived
HSC:s [35,36]. Also, HSCs can be mobilized from the bone marrow into the peripheral
blood following treatment with specific growth factors, such as granulocyte-colony
stimulating factor (G-CSF). These mobilized HSCs can then be collected via apheresis
and used for transplantation [37].

From hematopoietic stem cells to osteoclasts

The differentiation of HSCs into osteoclasts is essential in bone remodeling and
requires a complex interplay of signaling pathways and molecular regulators.

Osteoclastogenesis begins with the differentiation of HSCs into monocytes, a process
regulated by several cytokines [17]. Once monocytes are formed, they can differentiate
into osteoclasts under the influence of two critical cytokines: macrophage colony-
stimulating factor (M-CSF) and receptor activator of nuclear factor kappa-B ligand
(RANKL) [29,38,39]. M-CSF binds to its receptor on monocytes, leading to their
proliferation and survival. RANKI, produced by osteoblasts and bone marrow stromal
cells, binds to its receptor RANK on the surface of monocytes, triggering a signaling
cascade that results in the activation of several transcription factors, including nuclear
factor of activated T-cells, cytoplasmic 1 (NFATc1). NFATc1 is considered the master
regulator of osteoclastogenesis, as it induces the expression of various osteoclast-
specific genes, leading to the formation of mature osteoclasts [40] (Figure 2).

Osteoclastogenesisis also regulated by other signaling molecules such as osteoprotegerin
(OPG), a decoy receptor for RANKI which inhibits its interaction with RANK,

497



Acta Veterinaria-Beograd 2024, 74 (4), 491-510

thereby preventing osteoclastogenesis [40]. Thus, the balance between RANKL and
OPG is crucial for regulating osteoclastogenesis and bone remodeling.

Additionally, the immune system plays an important role in osteoclastogenesis.
Several immune-related signaling pathways, including those mediated by the tumor
necrosis factor (INF) family of cytokines, contribute to osteoclast formation and
function [41,42]. It is also shown that macrophages isolated from different tissues in
combination with different cells and materials can stimulate the osteogenic process

[43,44].

Megakaryocytes

Megakaryocytes, the large bone marrow cells responsible for the production of
platelets, have traditionally been associated with hemostasis. However, there are
emerging evidence about their significant roles in the orchestration of bone formation
and remodeling [45].

Characteristics and sources of megakaryocytes

Megakaryocytes are large, rounded or elongated cells with a multi-lobed nucleus, derived
from the pluripotent hematopoietic stem cells (HSCs) residing in the bone marrow.
Through the process of commitment and differentiation, these HSCs differentiate
into megakaryocyte-erythroid progenitors (MEPs), which subsequently mature into
megakaryocytes under the influence of the key growth factor, thrombopoietin (TPO)

[40].

The role in osteogenesis

The cross-talk between megakaryocytes and osteoblasts contributes significantly to
bone formation. Megakaryocytes express high levels of bone morphogenetic protein-6
(BMP-0) a potent inducer of osteoblast differentiation. BMP-6 binds to its receptors
on osteoblasts, stimulating their differentiation and promoting bone formation.
Studies have shown that megakaryocytes can stimulate also osteoblast proliferation
and differentiation through the secretion of factors such as platelet-derived growth
factor (PDGF) and fibroblast growth factor-2 (FGI-2). Megakaryocytes can also
impact bone remodeling through interactions with osteoclasts by secretion of OPG
which binds to RANKL. By binding RANKL, OPG inhibits osteoclast differentiation
and function, thus reducing bone resorption [45].

Megakaryocytes are pivotal in the maintenance of the HSCs niche within the bone
marrow influencing the location, proliferation, and differentiation of HSCs. Also, this
niche regulatory role indirectly impacts osteogenesis, given the osteogenic potential
of mesenchymal stem cells residing in the same bone marrow microenvironment [47]
(Figure 3).
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Figure 3. Characteristics of megakaryocytes and their influence on osteoblasts and osteoclasts.
BMP-6: bone morphogenetic protein-6; PDGF: platelet-derived growth factor; FGF-2:
fibroblast growth factor-2; OPG: osteoprotegerin

Endothelial progenitor cells (EPCs)

Endothelial progenitor cells (EPCs) represent a subset of stem cells derived from
bone marrow and peripheral blood that can differentiate into endothelial cells. EPCs
have recently gained attention for their role in osteogenesis due to their capacity to
stimulate neovascularization and vascular repair, essential processes in bone repair and
regeneration [48].

Sources and Characteristics of EPCs

One of the most probable ways of forming EPCs is that hemangioblasts arise from
the mesoderm, which gives rise to angioblasts and hemogenic endothelium. Further,
haemogenic endothelium gives rise to HSCs and EPCs [48].

EPCs can be found in almost all tissues in the organism. The bone marrow is the
primary source of EPCs. Also, EPCs are present in the peripheral blood, although
in much lower quantities than in the bone marrow. The concentration of circulating
EPCs can increase in response to tissue injury or the administration of specific growth
factors providing a readily accessible source of cells for therapeutic applications [49].
Umbilical cord blood is another source of EPCs, offering an abundant and non-
invasive collection method. EPCs derived from umbilical cord blood have shown
comparable functional abilities to those derived from bone marrow and peripheral
blood [11,49].

One of the essential characteristics of EPCs is that they also have the ability to self-
renewal, i.c., to divide to give also EPCs as well as endothelial cells. They don’t have
unique cell morphology but they are characterized by their expression of specific
surface markers, such as CD31, CD34, CD133, CD146 and vascular endothelial
growth factor receptor 2 (VEGFR2) which allow their identification and isolation
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from various sources [50]. Additionally, EPCs have the unique capacity to take up
acetylated low-density lipoprotein and to bind to Ulex exrgpacns agglutinin, further
distinguishing them from other cell types [49].

The role in osteogenesis

Bonehealing requires sufficient blood supply to deliver oxygen, nutrients, and progenitor
cells to the injury site. EPCs migrate to the injury site and differentiate into endothelial
cells, forming new blood vessels. This process of vasculogenesis is indispensable
for effective bone repair [51]. The subtypes of endothelial cells, identified as H and
L, contribute to the formation of specific bone microvessel subtypes, which play a
crucial role in both bone formation and bone resorption [51,52]. During the initial
stages of intramembranous and endochondral ossification, capillaries infiltrate the
primary ossification site, delivering essential elements such as oxygen and influencing
the process of osteogenesis [52].

Besides vasculogenesis, EPCs influence osteogenesis through their interactions
with osteoblasts. Some studies have demonstrated that EPCs can secrete various
pro-osteogenic growth factors such as BMPs that stimulate the proliferation and
differentiation of osteoblasts [24,51,53] (Figure 4).
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Figure 4. Characteristics of EPCs and their influence on bone repair. VEGFR2: vascular
endothelial growth factor receptor 2; BMP: bone morphogenetic protein

Given their roles in vascularization and osteogenesis, EPCs have been explored
as therapeutic targets for promoting bone repair. Mobilizing EPCs from the bone
marrow or infusing ex vivo expanded EPCs has shown the potential to enhance bone
healing in preclinical models [49,53].
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PERIPHERAL BLOOD CELLS

Peripheral blood cells are a diverse group of cells circulating in the bloodstream,
playing essential roles in various physiological processes, including oxygen transport,
immune response, and blood clotting, Each type of cell has unique morphological
characteristics and functions that are vital for maintaining homeostasis and protecting
the body from diseases. Besides their primary roles, there is rising evidence about their
role in bone remodelling and repair [54].

Peripheral blood mononuclear cells (PBMCs)

Peripheral blood mononuclear cells (PBMCs) are a heterogeneous population
of peripheral blood cells having round nuclei whose overall function ranges from
immunity to inflammation. The lymphocytes within PBMCs play a significant role
in immunity, while the monocytes and dendritic cells are crucial for inflammatory
responses [11,55].

PBMCs potential role in osteogenesis has recently become a topic of interest [11]
and current studies focus on their potential for differentiation into osteoblasts and
osteoclasts and their interaction with other bone cells [55]. Since, PBMCs are found in
peripheral blood they are easily accessible and isolating PBMCs offers a noninvasive
method to collect a variety of cell types with potential roles in osteogenesis.

The role in osteogenesis

Circulating osteogenic precursor (COP) cells: Circulating osteogenic precursor
(COP) cells represent a subset of blood-borne cells that possess osteogenic potential
[56]. COP cells are found within the peripheral blood mononuclear cell (PBMC)
fraction, constituting approximately 0.42% of this population. These cells circulate
consistently throughout a healthy individual’s life, with increased levels observed
during periods of accelerated bone growth [11]. Research indicates that COP cells
might originate from bone marrow MSCs mobilized into circulation in response to
peripheral tissue demands. While the bone marrow is considered the most likely source
of COP cells, their exact cellular lineage remains undetermined because these cells
share similarities in behavior and appearance with bone MSCs, but they also uniquely
express hematopoietic lineage markers. Despite this, the precise origin of COP cells
is still debated [11]. According to one of the proposed models, both hematopoietic
and mesenchymal lineages derive from a common ancestral progenitor cell, which
could potentially be very small embryonic-like (VSEL) stem cells. These VSEL stem
cells have shown the ability to regenerate tissue from all germ layers and might be
candidates for this ancestral progenitor [57].

The study of Chen et al., 2023 resulted in zz vitro reprogramming of human PBMCs
into induced mesenchymal stromal cells [58]. While not traditionally considered a
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source of osteogenic progenitor cells, these findings suggest that PBMCs can be used
for obtaining of cells for further use in bone regeneration and repair.

Monocytes: It is previously mentioned that monocytes, a key subset of PBMCs for
bone regeneration, are precursor cells to osteoclasts. The influence of key cytokines,
such as M-CSF and RANKIL, can drive the differentiation of monocytes into mature,
bone-resorbing osteoclasts [41]. This process is crucial in bone remodelling and in
pathological conditions characterized by excessive bone resorption.

Lymphocytes: Lymphocytes, particularly T cells, can secrete RANKL, promoting
osteoclastogenesis. Conversely, B cells can also secrete OPG, a decoy receptor for
RANKI, inhibiting osteoclastogenesis [59,60]. Thus, T and B cells can influence the
balance between bone formation and resorption.

More research is needed to understand the full extent of PBMCs’ role in osteogenesis.
Potential of PBMCs to differentiate into osteoblast-like cells, coupled with its ability to
regulate osteoclastogenesis, underscores their importance in bone homeostasis.

Platelets

Platelets are small, anucleate blood cells (cell fragments) derived from the cytoplasm of
megakaryocytes. They have a primary role in hemostasis and also have been recognized
for their significant contribution to bone healing and remodelling [61].

Characteristics of platelets

Platelets have a discoid shape, with a diameter ranging from 2-4 micrometers and contain
multiple types of granules, namely alpha granules, dense granules, and lysosomes, filled
with numerous bioactive molecules. They can adhere to sites of vascular injury and
aggregate to form a hemostatic plug, a process essential for stopping bleeding [61].

Sources of platelets

Platelets are derived from megakaryocytes. Megakaryocytes originate from HSCs
through a series of differentiation and maturation steps influenced by various
cytokines, primarily TPO [46]. The production of platelets from megakaryocytes
involves a series of complex and intriguing cellular processes. As megakaryocytes
mature, they become polyploid leading to an increase in cell size and the accumulation
of substantial amounts of protein and membrane. This phenomenon is followed
by a cytoskeleton-driven mechanism where megakaryocytes extend long, branching
processes called proplatelets into the sinusoidal blood vessels of the bone marrow.
These proplatelets subsequently undergo fission, releasing mature platelets into the
bloodstream [62].
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The role in osteogenesis

Platelets have long been known for their critical role in hemostasis, but more recent
studies have illuminated their vital participation in the healing and regeneration of
tissues, including bone [63]. Their involvement in osteogenesis is primarily due to their
ability to secrete a variety of growth factors and cytokines, such as PDGE, transforming
growth factor-beta (TGF-8), insulin-like growth factor (IGF), and vascular endothelial
growth factor (VEGE). Upon platelet activation, these growth factors are released
from the alpha granules, leading to the recruitment and proliferation of cells necessary
for bone healing [64]. The growth factors stimulate the proliferation and migration
of osteoblasts, endothelial cells, and MSCs to the site of bone injury. Furthermore,
they have been shown to promote the differentiation of MSCs into osteoblasts, which
action is fundamental for the repair and regeneration of bone tissue. The growth
factors released by platelets, specifically VEGE stimulate the formation of new blood
vessels, providing the necessary nutrients and oxygen to the regenerating tissue [64].

In addition to bone healing and contribution to angiogenesis, platelets play a significant
role in the field of bone grafting and biomaterial application. Platelet-rich plasma (PRP),
a concentrated preparation of platelets, has been extensively used in combination with
different cells and materials to improve graft or material incorporation and stimulate
bone regeneration [65]. The growth factors contained in PRP enhance the osteogenic
potential of the graft material, leading to improved bone healing and regeneration
outcomes [66]. How strong is osteogenic potential of PRP show the work of Vukeli¢-
Nikoli¢ et al., where it is found that that not only PRP, but also diluted PRP possess
osteoinductive potential and significantly boost the osteogenic process in ectopic
bone forming model. This and similar findings recruit PRP as a potent inductor
of osteogenic process in combination with different materials and cells which is of
great importance for the further development of different therapeutic approaches
in the regeneration of bone tissue [67]. As the normal number of platelets differs
from species to species, in order for PRP to exhibit desired effects, it is necessary to
determine the optimal protocol for the PRP preparation and optimal concentration of
platelets for each species [68].

Erythrocytes

Erythrocytes, commonly known as red blood cells (RBCs), are biconcave discoid
cells that primarily transport oxygen from the lungs to the tissues. However, recent
researches indicate a potential function in bone formation and remodelling, expanding
our understanding of erythrocytes beyond mere oxygen carriers [69,70].

Characteristics and sources of erythrocytes

Erythrocytes are generated from HSCs in the bone marrow through a process
termed erythropoiesis [70]. The differentiation of HSCs into erythrocytes is a highly
regulated process involving a cascade of lineage-specific progenitors, including the
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megakaryocyte-erythroid progenitor and the erythroid progenitor. The glycoprotein
hormone erythropoietin plays a vital role in erythropoiesis, regulating the erythroid
progenitors’ survival, proliferation, and differentiation [69].

The role in osteogenesis

While the specific mechanisms by which erythrocytes mightinfluence bone homeostasis
are yet to be fully elucidated, their role in oxygen transportation is crucial for the
functioning of bone cells, particulatly osteoblasts and osteoclasts. The metabolic
activity of these cells is significantly affected by oxygen tension; hence, erythrocytes,
through oxygen delivery, can indirectly influence the process of osteogenesis [71].
Hypoxia can lead to altered bone cell activity and, ultimately, bone loss, illustrating the
importance of adequate oxygenation in maintaining healthy bones [69,71].

On the contrary to the indirect positive influence of undamaged erythrocytes on
osteogenesis, there is also evidence of the negative impact of damaged erythrocytes
on the osteogenic process. Namely, an 7z vitro study of Dregalla et al., 2021 showed
that red blood cells and their releasates compromise bone marrow-derived human
mesenchymal stem/stromal cell survival [72].

Recent studies indicate that mature erythrocytes can release extracellular vesicles
containing mictoRNAs that can influence osteoblast and osteoclast function [73].
Neighbouring cells could take up erythrocyte-derived miRNAs and modulate their
gene expression. In the context of bone remodeling, it is conceivable that erythrocyte-
derived miRNAs might influence the activity of osteoblasts and osteoclasts. However,
the specific miRNAs secreted by erythrocytes and their roles in osteogenesis are still
unknown and represent an exciting area for future research.

CONCLUSION

Recent advances in stem cell biology and tissue engineering have opened new avenues
for harnessing the regenerative potential of bone marrow and blood cells for bone
repair and regeneration. This review has provided a comprehensive overview of
the role of bone marrow and blood cells in the osteogenic process, highlighting the
complex interplay between hematopoietic and mesenchymal cell populations in bone
formation, homeostasis, and repair.

A deeper understanding of the role of bone marrow and blood cells in osteogenesis
will advance our knowledge of bone tissue biology and make the basis for developing
new therapeutic approaches for bone regeneration and repair. Emerging technologies
such as cell-based therapies, biomaterials, and gene editing are promising to enhance
bone regeneration strategies’ efficacy and precision.

However, several challenges remain to be addressed, including optimizing cell
sources, delivery methods, and tissue-engineering scaffolds, as well as overcoming
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immunological barriers and ensuring long-term safety and efficacy. Future research
efforts should focus on elucidating the dynamic interplay between bone marrow and
blood cells in health and disease and translating these findings into innovative clinical
applications.

Acknowledgments
This work was supported by the Ministry of Education, Science and Technological
Development of the Republic of Serbia, Grant No. 451-03-47/2023-01/200113.

Author’s contributions

MVN has made substantial contributions to the conception, design, and writing of
the manuscript and, draw all figures, have been involved in revising the manuscript.
Ljb has contributed to the conception, design, and writing of the manuscript and has
given final approval of the version to be published. All authors read and approved the
final version.

Competing interest
The author(s) declare that they have no competing interests’.

ORCID iDs
Marija B. Vukeli¢-Nikoli¢ @ https: //otcid.org/0000-0002-2405-5140
Ljubisa B. Dordevi¢ @ https: //orcid.org/0000-0002-8924-6618

REFERENCES

1. Cvetkovic V], Najman SJ, Rajkovic JS, Zabar ALJ, Vasiljevic PJ, Djordjevic LJB, Trajanovic
MD: A comparison of the microarchitecture of lower limb long bones between some
animal models and humans: a review. Vet Med-Czech 2013, 58(7): 339-351.

2. Dimitriou R, Jones E, McGonagle D, Giannoudis PV: Bone regeneration: current concepts
and future directions. BMC Med 2011, 9(1):66.

3. Dordevi¢ LB, Vasiljevi¢ PJ, Najman SJ: Concept and strategies of bone tissue engineering,
Journal of the Anthropological Society of Serbia 2015, 51: 35-46.

4. Jakob M, Saxer F, Scotti C, Schreiner S, Studer P, Scherberich A, Heberer M, Martin I:
Perspective on the evolution of cell-based bone tissue engineering strategies. Eur Surg Res
2012, 49(1):1-7.

5. Goémez-Barrena E, Rosset P, Miiller I, Giordano R, Bunu C, Layrolle P, Konttinen YT,

Luyten FP: Bone regeneration: stem cell therapies and clinical studies in orthopaedics and
traumatology. | Cell Mol Med 2011, 15(6):1266—1286.

6. Hixon KR, Miller AN: Animal models of impaired long bone healing: Tissue engineering
—and cell-based in vivo interventions. | Orthop Res 2022, 40:767-778.

7. Wei J, Chen X, Xu Y, Shi I, Zhang M, Nie M, Liu X: Significance and considerations of
establishing standardized critical values for critical size defects in animal models of bone
tissue regeneration. Heliyon 2024, 10(13):e33768.

505


https:%20//orcid.org/0000-0002-2405-5140
https:%20//orcid.org/0000-0002-8924-6618

Acta Veterinaria-Beograd 2024, 74 (4), 491-510

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

Ducié R, Proki¢ BB, Hadzi-Mili¢ M, Krsti¢ N, Todorovi¢ V, Radmanovi¢ N, Dordevi¢ M,
Dakovi¢ M, Hamzagi¢ F, Paji¢ S: Correlation of bone strength in an animal model (rabbit)
after fracture and during the period of fixation with a titanium micro plate. Acta Vet-
Beograd 2022, 72 (4):442-452.

Mitrovi¢ MJ, Kitanovi¢ S, Tatalovi¢ N, Todorovi¢ A, Lazarevi¢ Macanovi¢ M: Radiological
investigation of guinea pig (Cavia porcellus) lumbar vertebral morphology-a biomechanical
aspect. Acta Vet-Beograd 2023, 73(1), 55-70

Caplan Al, Correa D: The MSC: an injury drugstore. Cell Stem Cell 2011, 9(1):11-5.
Fechan |, Nurgali K, Apostolopoulos V, Al Saedi A, Duque G: Circulating osteogenic
precursor cells: Building bone from blood. EBioMedicine 2019, 39:603-611.

Zivkovi, JM, Vukeli¢-Nikoli¢ MP, Najdanovi¢ JG, Stojanovi¢ S, Vitorovi¢ JS, Radenkovi¢
MB, Najman SJ: Bone tissue engineering based on bone marrow in blood clot loaded on
mineral matrix carrier: Experimental study in subcutaneous mice model. Acta med Median
2017, 56(3): 5-11.

Gurevitch O, Slavin S, Feldman AG: Conversion of red bone marrow into yellow — Cause
and mechanisms. Med Hypotheses 2007, 69(3):531-536.

Ehninger A, Trumpp A: The bone marrow stem cell niche grows up: mesenchymal stem
cells and macrophages move in. ] Exp Med 2011, 208(3):421-428.

Pittenger ME, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD, Moorman MA,
Simonetti DW, Craig S, Marshak DR: Multilineage potential of adult human mesenchymal
stem cells. Science 1999, 284(5411):143-147.

Nombela-Arrieta C, Manz MG: Quantification and three-dimensional microanatomical
organization of the bone marrow. Blood Adv 2017, 1(6):407-416.

Morrison SJ, Scadden DT: The bone marrow niche for haematopoietic stem cells. Nature
2014, 505(7483):327-334.

Liu J, Gao |, Liang Z, Gao C, Niu Q, Wu F, Zhang L.: Mesenchymal stem cells and their
microenvironment. Stem Cell Res Ther 2022, 13:429.

Abe T, Sumi K, Kunimatsu R, Oki N, Tsuka Y, Nakajima K, Ando K, Tanimoto K: The
effect of mesenchymal stem cells on osteoclast precursor cell differentiation. ] Oral Sci
2019, 61(1):30-35.

Sierra-Parraga JM, Merino A, Eijken M, Leuvenink H, Ploeg R, Moller BK, Jespersen B,
Baan CC, Hoogduijn MJ: Reparative effect of mesenchymal stromal cells on endothelial
cells after hypoxic and inflammatory injury. Stem Cell Res Ther 2020, 11(1):352.

Ullah I, Subbarao RB, Rho GJ: Human mesenchymal stem cells — current trends and future
prospective. Biosci Rep 2015, 35(2):1-18.

Cvetkovic V], Najdanovic JG, Vukelic-Nikolic MDj, Stojanovic ST, Najman SJ: Osteogenic
potential of in vitro osteo-induced adipose-derived mesenchymal stem cells combined with
platelet-rich plasma in an ectopic model. Int Orthop 2015, 39 (11): 2173-2180.
Najdanovi¢ J G, Cvetkovié V], Stojanovié S, Vukelié-Nikoli¢ MB, Stanisavljevié MN, Zivkovié
JM, Najman SJ: The influence of adipose-derived stem cells induced into endothelial cells
on ectopic vasculogenesis and osteogenesis. Cell Mol Bioeng 2015, 8(4):577-590.

Thomas S, Jaganathan BG: Signaling network regulating osteogenesis in mesenchymal stem
cells: ] Cell Commun Signal 2022, 16(1):47-61.

Bonewald LF: The amazing osteocyte. ] Bone Miner Res 2011, 26(2):229-238.

Fu J, Wang Y, Jiang Y, Du ], Xu ], Liu Y: Systemic therapy of MSCs in bone regeneration: a
systematic review and meta-analysis. Stem Cell Res Ther 2021, 12(1):377.

506



Vukeli¢-Nikoli¢ and Dordevic : The role of bone marrow cells and peripheral blood cells in the osteogenic process

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Orkin SH, Zon LI: Hematopoiesis: an evolving paradigm for stem cell biology. Cell 2008,
132(4):631-644.

Yahara Y, Nguyen T, Ishikawa K, Kamei K, Alman BA: The origins and roles of osteoclasts
in bone development, homeostasis and repair. Development 2022, 149(8):dev199908.

McDonald MM, Kim AS, Mulholland BS, Rauner M: New Insights Into Osteoclast Biology.
JBMR Plus 2021, 5(9):¢10539.

Seita J, Weissman IL.: Hematopoietic stem cell: self-renewal versus differentiation. Wiley
Interdiscip Rev Syst Biol Med 2010, 2(6):640-653.

Kloc M, Subuddhi A, Uosef A, Kubiak JZ, Ghobrial RM: Monocyte-macrophage lineage
cell fusion. Int ] Mol Sci 2022, 23(12):6553.

Lee JY, Hong SH: Hematopoietic stem cells and their roles in tissue regeneration. Int J
Stem Cells 2020, 13(1):1-12.

Mann Z, Sengar M, Verma YK, Rajalingam R, Raghav PK: Hematopoietic stem cell
factors: Their functional role in self-renewal and clinical aspects. Front Cell Dev Biol 2022,
10:664261.

Rix B, Maduro AH, Bridge KS, Grey W: Matkers for human haematopoietic stem cells:
The disconnect between an identification marker and its function. Front Physiol 2022,
13:1009160.

Hordyjewska A, Popiolek I., Horecka A. Characteristics of hematopoietic stem cells of
umbilical cord blood. Cytotechnology 2015, 67(3):387-96.

Chow T, Mueller S, Rogers IM: Advances in umbilical cord blood therapy: Hematopoietic
stem cell transplantation and beyond. In: El-Badri N. (eds) Advances in stem cell therapy.
Stem Cell Biology and Regenerative Medicine. Humana Press, Cham; 2017, 139-168.

Bendall 1], Bradstock KI': G-CSF: From granulopoietic stimulant to bone marrow stem
cell mobilizing agent. Cytokine Growth Factor Rev 2014, 25(4):355-67.

Chandrabalan S, Dang L, Hansen U, Timmen M, Wehmeyer C, Stange R, Bei3barth T,
Binder C, Bleckmann A, Menck K: A novel method to efficiently differentiate human
osteoclasts from blood-derived monocytes. Biol Proced Online. 2024, 26(1):7.

Udagawa N, Takahashi N, Akatsu T, Tanaka H, Sasaki T, Nishihara T, Koga T, Martin
T], Suda T: Origin of osteoclasts: mature monocytes and macrophages are capable of
differentiating into osteoclasts under a suitable microenvironment prepared by bone
marrow-derived stromal cells. Proc Natl Acad Sci U S A 1990, 87(18):7260-4.

Kitaura H, Marahleh A, Ohori I, Noguchi T, Shen W-R, Qi J, Nara Y, Pramusita A, Kinjo
R, Mizoguchi I: Osteocyte-related cytokines regulate osteoclast formation and bone
resorption. Int ] Mol Sci 2020, 21(14):5169.

Takayanagi H, Kim S, Koga T, Nishina H, Isshiki M, Yoshida H, Saiura A, Isobe M,
Yokochi T, Inoue J, Wagner EF, Mak TW, Kodama T, Taniguchi T: Induction and activation
of the transcription factor NFATcl (NFAT2) integrate RANKL signaling in terminal
differentiation of osteoclasts. Dev Cell 2002, 3(6):889-901.

Lam J, Takeshita S, Barker JE, Kanagawa O, Ross FP, Teitelbaum SL: TNF-alpha induces
osteoclastogenesis by direct stimulation of macrophages exposed to permissive levels of
RANK ligand. J Clin Invest 2000, 106(12):1481-1488.

Zivkovié JM, Stojanovi¢ ST, Vukeli¢-Nikoli¢ MD), Radenkovi¢ MB, Najdanovi¢ ]G, Ciri¢
M, Najman SJ: Macrophages’ contribution to ectopic osteogenesis in combination with

blood clot and bone substitute: possibility for application in bone regeneration strategies.
Int Orthop 2021, 45(4):1087-1095.

507



Acta Veterinaria-Beograd 2024, 74 (4), 491-510

44,

45.

46

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Zivkovié J, Najman S, Vukeli¢ M, Stojanovi¢ S, Aleksi¢ M, Stanisavljevi¢ M, Najdanovi¢ J:
Osteogenic effect of inflammatory macrophages loaded onto mineral bone substitute in
subcutaneous implants. Arch Biol Sci 2015, 67(3):173-186.

Kacena MA, Gundberg CM, Horowitz MC: A reciprocal regulatory interaction between
megakaryocytes, bone cells, and hematopoietic stem cells. Bone 20006, 39(5):978-984.

. Kaushansky K: Thrombopoietin and the hematopoietic stem cell. Ann N'Y Acad Sci 2005,

1044(1):139-141.

Bruns I, Lucas D, Pinho S, Ahmed J, Lambert MP, Kunisaki Y, Scheiermann C, Schiff
L, Poncz M, Bergman A, Frenette PS: Megakaryocytes regulate hematopoietic stem cell
quiescence through CXCIL4 secretion. Nat Med 2014, 20(11):1315-1320.

Testa U, Castelli G, Pelosi E: Role of endothelial progenitor cells in vascular development,
homestatic maintenance of blood vessels and in injury-mediated reparative response. Stem
Cell Investig 2020, 7:7-7.

Chopra H, Hung MK, Kwong DL, Zhang CF, Pow EHN: Insights into Endothelial
Progenitor Cells: Origin, Classification, Potentials, and Prospects. Stem Cells Int 2018,
2018:9847015.

Fadini GP, Losordo D, Dimmeler S: Critical reevaluation of endothelial progenitor cell
phenotypes for therapeutic and diagnostic use. Circ Res 2012, 110(4):624-637.

Shi H, Zhao Z, Jiang W, Zhu P, Zhou N, Huang X: A review into the insights of the role of
endothelial progenitor cells on bone biology. Front Cell Dev Biol 2022, 10:878697.

Percival CJ, Richtsmeier JT: Angiogenesis and intramembranous osteogenesis. Dev Dyn
2013, 242(8): 909-922.

Najdanovi¢ JG, Cvetkovi¢ V], Stojanovi¢ ST, Vukeli¢-Nikoli¢ MD, Zivkovié JM, Najman
SJ: Vascularization and osteogenesis in ectopically implanted bone tissue-engineered
constructs with endothelial and osteogenic differentiated adipose-derived stem cells. World
J Stem Cells 2021, 13(1):91-114.

Jang HJ, Yoon JK: The role of vasculature and angiogenic strategies in bone regeneration.
Biomimetics (Basel) 2024, 9(2):75.

Vuoti E, Lehenkari P, Tuukkanen J, Glumoff V, Kylmidoja E: Osteoclastogenesis of human
peripheral blood, bone marrow, and cord blood monocytes. Sci Rep 2023, 13(1):3763.
Pignolo RJ, Shore EM: Circulating osteogenic precursor cells. Crit Rev Eukaryot Gene
Expr 2010, 20(2):171-180.

Ratajczak MZ, Ratajczak J, Kucia M: Very small embryonic-like stem cells (VSELs). Circ
Res 2019, 124(2):208-210.

Chen W, Wang C, Yang Z-X, Zhang F, Wen W] Schaniel C, Mi X, Bock M, Zhang XB, Qiu
H, Wang C: Reprogramming of human peripheral blood mononuclear cells into induced
mesenchymal stromal cells using non-integrating vectors. Commun Biol 2023, 6(1):393.
Lorenzo J, Horowitz M, Choi Y: Osteoimmunology: interactions of the bone and immune
system. Endocr Rev 2008, 29(4):403-440.

Guder C, Gravius S, Burger C, Wirtz DC, Schildberg FA: Osteoimmunology: A current
update of the interplay between bone and the immune system. Front Immunol 2020, 11:58.
Scridon A: Platelets and their role in hemostasis and thrombosis-from physiology to
pathophysiology and therapeutic implications. Int ] Mol Sci 2022, 23(21):12772.

Machlus KR, Italiano JE Jr: The incredible journey: From megakaryocyte development to
platelet formation. ] Cell Biol 2013, 201(6):785-796.

508



Vukeli¢-Nikoli¢ and Dordevic : The role of bone marrow cells and peripheral blood cells in the osteogenic process

63.

64.

65

66.

67.

68.

69.

70.

71.

72.

73.

Ajdukovic Z, Najman S, Dordevic Lj, Savic V, Mihailovic D, Petrovic D, Ignjatovi¢ N,
Uskokovi¢ D: Repair of bone tissue affected by osteoporosis with hydroxyapatite-poly-I1-
lactide (HAp-PLLA) with and without blood plasma. ] Biomater Appl 2005; 20:179-190.

Nurden AT: Platelets, inflammation and tissue regeneration. Thromb Haemost 2011, 105
Suppl 1:513-833.

. Najman §J, Cvetkovi¢ V], Najdanovi¢ JG, Stojanovi¢ S, Vukeli¢-Nikoli¢ MD, Vuckovié

I, Petrovi¢ D: Ectopic osteogenic capacity of freshly isolated adipose-derived stromal
vascular fraction cells supported with platelet-rich plasma: a simulation of intraoperative
procedure. | Craniomaxillofac Surg 2016, 44(10):1750-1760.

Gharpinde MR, Pundkar A, Shrivastava S, Patel H, Chandanwale R: A comprehensive
review of platelet-rich plasma and its emerging role in accelerating bone healing. Cureus
2024, 16(2):e54122.

Vukeli¢-Nikoli¢ MD, Najman §], Vasiljevi¢ PJ, Jevtovi¢-Stoimenov TM, Cvetkovi¢ V],
Andrejev MN, Miti¢ ZJ: Osteogenic capacity of diluted platelet-rich plasma in ectopic
bone-forming model: Benefits for bone regeneration. | Craniomaxillofac Surg 2018,

46(11):1911-1918.

Kim MY, Han HJ: Optimization of a two-step centrifugation protocol for bovine platelet-
rich plasma. Acta Vet-Beograd 2022, 72 (3), 375-387.

Eggold JT, Rankin EB: Erythropoiesis, EPO, macrophages, and bone. Bone 2019, 119:36—
41.

Dzierzak E, Philipsen S: Erythropoiesis: development and differentiation. Cold Spring
Harb Perspect Med 2013, 3(4):a011601.

Marenzana M, Arnett TR: The key role of the blood supply to bone. Bone Res 2013,
1(3):203-215.

Dregalla RC, Herrera JA, Donner EJ: Red blood cells and their releasates compromise bone
marrow-derived human mesenchymal stem/stromal cell survival in vitro. Stem Cell Res
Ther 2021, 12(1):547.

Frohlich LF: Micrornas at the interface between osteogenesis and angiogenesis as targets
for bone regeneration. Cells 2019, 8(2):121.

ULOGA CELIJA KOSTANE SRZI I CELIJA PERIFERNE
KRVI U PROCESU OSTEOGENEZE

Marija D. VUKELIC-NIKOLIC, Ljubisa B. DORDEVIC

Osteogeni proces je slozen i dinamican bioloski fenomen koji lezi u osnovi inicijalnog
formiranja kostiju tokom embrionalnog razvoja kao i kontinuiranog remodelovanja
i reparacije kostiju tokom zivota. On ukljucuje koordinaciju aktivnosti razli¢itih ti-
pova Celija, signalnih puteva i faktora zivotne sredine kako bi se obezbedilo pravilno
formiranje 1 odrzavanje kostiju tokom Zivota. Glavna uloga u ovom procesu pripada
¢elijama koStane srzi i ¢elijama periferne krvi. Ovaj rad daje pregled trenutno dostu-
pnih literaturnih podataka o razlicitim doprinosima Celija kostane srzi i Celija periferne
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krvi osteogenom procesu. Fokusirajudi se na diferencijaciju ¢elija, signalne puteve i
interakcije unutar mikrookruzenja kosti, ovaj ¢lanak ima za cilj da pruzi sveobuhvatno
razumevanje kako ove Celije orkestriraju osteogeni process istovremeno nudeci uvid u
njihov terapijski potencijal. Razumevanje ovih slozenih celijskih interakcija je klju¢no
za razvoj naprednih terapijskih pristupa u regenerativnoj medicini i ortopediji, koje
imaju za cilj poboljsanje ishoda kod pacijenata sa kostanim defektima i poremecajima
vezanim za kosti.
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