
Osteoclasts and Osteoblasts
Subjects: Others

Contributor: Anna-Jasmina Donaubauer

The bone is a complex organ that is dependent on a tight regulation between bone formation by osteoblasts (OBs) and

bone resorption by osteoclasts (OCs). The OC is a multinucleated giant cell, arising from the fusion of many mononuclear

OC precursors with a myeloid/monocyte origin. Differently from OCs, OBs arise from pluripotent mesenchymal stem cells

(MSCs). The main function of OBs is the synthesis of new bone matrix. Bone metabolism is regulated by various

hormones or cytokines and dysregulation in this complex system can lead to numerous diseases characterized either by

enhanced bone resorption (osteoporotic phenotype) or enhanced bone formation (osteopetrotic phenotype).
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1. Introduction

1.1 Osteoclast Differentiation and Function

Osteoclastogenesis from precursor cells is a strictly regulated differentiation process. Similar to all other hematopoietic

lineage cells, OCs originate from hematopoietic stem cells (HSCs) in the bone marrow. More precisely, OC progenitors

differentiate from the common myeloid progenitor lineage (CMP). Cells of this lineage give rise to monocytes and

macrophages, dendritic cells and to osteoclasts . In the bone, the stimulation of the progenitor cells with the cytokines

receptor activator of nuclear factor kappa B ligand (RANK-L) and macrophage colony-stimulating factor (M-CSF),

amongst other factors, triggers a further differentiation into pre-osteoclasts. Here, M-CSF serves as a key survival signal,

whereas RANK-L mainly induces OC specific differentiation processes in progenitor cells . In the bone, osteocytes, as

well as OBs, but also immune cells, serve as a source of RANKL, creating a local microenvironment that enables

osteoclastogenesis specifically in bone tissue . In the differentiating cell, these cytokine signals lead to an activation of

nuclear factor kappa-light-chain-enhancer of activated B-cells (NF-ƙB), an essential transcription factor for

osteoclastogenesis. NF-ƙB activation in turn, leads to an activation of c-fos and nuclear factor of activated T cells 1

(NFATc1), the master transcription factor for osteoclastogenesis. Due to RANK-L stimulation, the expression of NFATc1 is

strongly upregulated by autoamplification. Finally, OC-specific genes are induced, amongst them are dendritic cell-specific

transmembrane protein (Dcstamp), v-type proton ATPase subunit d2 (Atp6v0d2), tartate-resistant acid phosphatase

(Acp5, TRAP) or Cathepsin K (Ctsk) enabling common OC functions . By now, a mononuclear OC has formed.

For efficient bone resorption, the formation of multinucleated giant cells from the mononuclear osteoclast precursor cell is

essential. For these differentiation processes, excessive arrangements occur in the mononuclear osteoclasts. Similar to

the previous described differentiation processes, also OC multinucleation is a tightly regulated process. Amongst others,

DC-STAMP and OC-STAMP (osteoclast stimulatory transmembrane protein) are essential fusogens in OC

multinucleation. In summary, the multinucleation can be divided into three main steps. First, the cells need to come into

close proximity by chemotaxis, adhere to one another and finally become multinucleated cells by membrane fusion. The

chemotactic approximation of the cells is mainly mediated through C-C motif chemokine ligand 2 (CCL2) signaling.

Second, the approached cells subsequently adhere to one another by the expression of integrins and E-cadherin which

initiates cytoskeletal rearrangements preparing the cellular fusion. Third, as the actin cytoskeleton reorganizes, membrane

fusion is enabled leading to cell multinucleation. Finally, a fully functional, multinucleated OC has formed .

Size, as well as the number of nuclei correlates positively with the bone resorbing activities of OCs . These highly

specialized cells cannot only degrade the inorganic, mineralized components of the bone, which consists mainly of

hydroxyapartite, but also the organic components of the matrix, which are composed mainly of collagen . By adhering

tightly to the bone surface via integrins, the OC generates a sealed resorption pit. This sealed zone is further supported by

the reorganization of the actin cytoskeleton, in order to form an actin ring for an even stronger adhesion. In addition, the

OC gets polarized and forms a ruffled border structure at the site of bone resorption. The fully differentiated OC secretes

H through vacuolar ATPases into the resorption pit to resolve the inorganic components. Moreover, a variety of
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proteinases are secreted to dissociate extracellular matrix proteins. The enzymes for degradation are secreted via vesicle

trafficking into the resorption pit, while degradation products of the bone matrix are finally endocytosed by the OC.

Cathepsins (Cts) as well as matrixmetalloproteinases (MMPs) are the best-characterized enzymes involved .

1.2. Osteoblast Differentiation and Function

For the proper functionality of OCs, their tightly regulated interaction with bone forming OBs is necessary. Differently from

OCs, OBs arise from pluripotent mesenchymal stem cells (MSCs). The main function of OBs is the synthesis of new bone

matrix. In detail, OBs secrete organic matrix components, such as collagens and proteoglycans to form the osteoid.

Moreover, OBs secrete hydroxyapatite crystals via vesicles into the extracellular space, in order to build the inorganic

component of the bone matrix. Amongst those functions, OBs also have a key role in the regulation of osteoclastogenesis.

Here, they stimulate the differentiation of pre-OCs via the secretion of RANK-L, and MCS-F . Bone, as a complex organ

contains numerous cell types, additionally to the bone forming and resorbing cells. Next to OCs and OBs, osteocytes

serve as major component of bone. In this organ, osteocytes function as mechanosensory cells that pass their signals

down to OBs and OCs in order to impact on bone homeostasis. Osteocytes develop from mature OBs that become

embedded in the secreted bone matrix. These cells orchestrate bone resorption and formation, as the mechano-sensation

leads to an adaption in the rate of bone formation and secretion. High mechanical loads trigger bone formation and

reduce bone resorption, whereas mechanical unloading, e.g. in space travel, leads to the opposite effects. Appropriately,

osteocytes can impact directly on OC, as well as OB differentiation and activity .

2. The Influence of Radiation on Bone Remodeling Cells

2.1 The Influence of High Doses of Ionizing Radiation

Bone homeostasis, especially OC and OB differentiation and functionality are tightly regulated processes. Consequently,

those processes are prone to numerous disruptive factors. Internal factors such as hormonal imbalances during

menopause or rheumatic diseases can cause severe skeletal transformation . On the other hand, also external

influences can affect the bone in general, as well as OCs and OBs. Those factors include medical drugs, mechanical

stress but also environmental or therapeutically delivered ionizing radiation (IR) .

As IR can induce cell death, radiation therapy (RT) is employed in cancer treatment . By irradiating tumors with

fractionated high doses of IR (single dose: ≥ 2 Gy; total dose: 50–70 Gy), IR accumulates in the tumor tissue, leading to

the death or senescence of fast dividing, malignant cells. Even though IR is delivered with a high precision to the target

tissue, the damage of adjacent healthy cells cannot be prevented completely . As well, the bone is often affected by

radiation damage. Consequently, many cancer patients undergoing RT suffer from side effects ranging from radiation

osteitis to more severe complications such as fractures. Such complications have been described in numerous entities

such as breast or brain cancer or in pelvic tumor diseases . Moreover, osteopenia or even osteoporosis are

side effects that have been unavoidable after RT in distinct constellations .

Numerous studies suggest that bone damage is mainly due to IR-induced defects in bone-forming OBs. Since OBs are

essential for a proper OC differentiation and thereby for a functional bone homeostasis, radiation effects on OBs will affect

OC biology at least indirectly. IR influences on OB functionality, such as on collagen production, but also on OB

proliferation. Furthermore, IR is reported to induce cell cycle arrest in OBs . Likewise, numerous studies on animal

models reported a reduced deposition of bone matrix after RT, coming along with either stable or decreasing OB cell

numbers.

The studies on IR effects on OCs reveal primarily conflicting results. Several published studies report either decreasing or

stable OC numbers after RT . Surprisingly, numerous reports even described increasing OC numbers

following RT, suggesting that OCs may be key players in radiation-induced bone loss. In accordance with this, exposure to

IR leads to an upregulation of the expression of OC marker genes in marrow tissue . These findings can be supported

from rodent studies. As high doses of IR induce a damage response and inflammatory processes in affected tissues such

as bone, the secretion of pro-inflammatory cytokines e.g. tumor necrosis factor (TNF) α, interleukin (IL) -6 and IL-1 may

be stimulated. The differentiation of OCs in turn, can be increased in such a rather pro-inflammatory milieu, as TNF-α and

IL-1 directly stimulate the expression of RANK-L .

In summary, the deleterious effects of high doses of IR in cancer therapy are well described, whereas the underlying

cellular mechanisms remain mostly elusive, as the effects on bone forming cells are not well understood.
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2.2 The Influence of Low Doses of Ionizing Radiation

The therapeutic application of IR is not limited to cancer therapy. If delivered in low doses, IR does not induce cell death,

senescence or inflammatory processes, but ameliorates preexisting inflammation . Today, low doses of X-rays or α

radiation are commonly applied for the therapy of chronic degenerative or inflammatory diseases, such as arthrosis or

rheumatoid arthritis (single dose: ≤ 1 Gy; total dose: 3 – 6 Gy). Even though exposure to low doses of IR can have

analgesic and immunomodulatory effects, the underlying osteoimmunological mechanisms are not understood in detail.

As bone destruction and remodeling are a hallmark of chronic degenerative and inflammatory diseases, the effects of low

doses of IR on bone and bone forming cells are subject of current research. Low doses of IR are modulating the immune

system by various molecular mechanisms and impact thereby also on bone homeostasis.

As OBs produce bone matrix, they can potentially counteract the destructive processes in degenerative and inflammatory

diseases. Therefore, OBs are a promising target in the therapy of chronic degenerative and inflammatory diseases.

Appropriately, exposure to low doses of IR can have stimulatory effects on OBs. In detail, low dose IR is reported to

induce OB proliferation, as well as OB differentiation and functionality. These findings are supported by in vitro, as well as

animal studies, especially when doses between 0.5 and 1.0 Gy were applied. Even fracture healing can be promoted after

exposure to low doses of X-rays in rats .

For OCs on the other hand, it is hypothesized that low doses of IR have a positive impact on bone homeostasis, as OCs

are inhibited in their viability and their function. In accordance with this, numerous publications confirm the inhibitive effect

of low doses of IR on OC differentiation and functionality. A possible mechanism of action might be the downregulation of

the production of cellular reactive oxygen species that are known to stimulate osteoclastogenesis.

In summary, low doses of IR have positive effects on the bone homeostasis, especially in inflammatory settings. OBs, as

well as OCs are modulated leading to promoted bone formation and reduced bone resorption. The figure below

summarizes these key findings.

Figure 1. Ionizing radiation (IR) induces differential effects on bone in dependence of the dose. Low doses of IR

(<1.0 Gy) are commonly applied for the therapy of chronic degenerative and inflammatory diseases and can counteract

the destructive processes on bone with a positive impact on bone homeostasis and a promotion of fracture healing.

Preexisting inflammatory processes are downregulated by low doses of IR. Also, the differentiation, mineralization and

proliferation of OBs is stimulated. On the contrary, the differentiation, viability and bone resorbing capacity of OCs is

reduced. In high doses (>2.0 Gy), IR is applied usually in cancer therapy and has a negative impact on bone homeostasis

with a higher risk of osteopenia and osteoporosis and finally an increased fracture risk. In OCs, the differentiation, bone

resorption and cell numbers are enhanced, whereas in OBs, the matrix deposition and proliferation rate in reduced and

cell cycle arrest is induced. Also, high doses of IR induce the secretion of pro-inflammatory cytokines by immune cells,

which in turn can stimulate OCs.
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