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Abstract 

Bone resorption is characterized by a high release of protons, a process 

associated with a serious energy demand and thus many mitochondria. 

Although the high number of these organelles is a well-known characteristic 

of osteoclasts, surprisingly little is known about their biogenesis during 

osteoclast differentiation. In this study we investigated the role of 

macrophage colony-stimulating factor (M-CSF) and receptor activator of 

nuclear factor kappa B ligand (RANKL), important cytokines during 

osteoclastogenesis, in mitochondrial biogenesis and activity. Murine bone 

marrow cells were cultured for up to 7 days with or without M-CSF and/or 

RANKL. We analyzed the mRNA expression of mitochondria-related genes, 

quantified the mitochondrial activity per cell and analyzed morphological 

differences between mitochondria in the different cultures. We could 

distinguish macrophage differentiation and osteoclast differentiation in the 

M-CSF and M-CSF/RANKL cultures and found a differential up-regulation of 

mitochondria-related genes during these processes. In particular, D-3 

hydroxybutyrate dehydrogenase (BDH) and peroxisome proliferator-activator 

receptor-γ co-activator -1β (PGC-1β) were more than 10-fold induced during 

osteoclastogenesis compared to the macrophage culture. Differences 

between mitochondria in those two cell types also existed at the 

morphological level. The mitochondria of the osteoclasts were larger and 

more mitochondria were formed per cytoplasmic surface area compared to 

the other cultures. On the other hand, it was M-CSF that strongly increased 

the percentage of cells with a high number of active mitochondria. Taken 

together, our data suggest a differential biogenesis of mitochondria during 

macrophage and osteoclast differentiation wherein M-CSF and RANKL play 

different roles. 

Introduction 

Mitochondria are unique organelles of eukaryotic cells that provide the cell 

with energy by oxidative phosphorylation of ADP 1-4. Mitochondria consist of 

an outer membrane, an engulfed inner membrane, an inter-membrane space 

and an area enclosed by the inner membrane, the matrix 5,6. Their 

morphology differs among cell types and changes to optimize mitochondrial 
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function depending on the energy demands of the cell type in which it is 

present.  

Two principal processes regulate morphological changes and 

mediate the connectivity of the mitochondrial network, fusion and fission. 

During mitochondrial fusion mitochondria first attach to each other, the outer 

membranes merge and eventually the inner membranes fuse. The opposite 

process, the division of mitochondria, is called fission and is a characteristic 

feature during their biogenesis 5,7.  

Several cell types require high cellular energy levels because of 

their functional activities and they are therefore characterized by an 

abundance of mitochondria. These cell types include hepatocytes, 

adipocytes, muscle cells and osteoclasts 8,9. The bone resorbing osteoclasts 

require high energy levels for the acidification of the matrix during the 

process of bone degradation. In addition to a high number of mitochondria 

they are also defined by an extremely high expression of vacuolar-type 

proton-pump ATPase (H+-V-ATPase). The same features are found in 

mitochondria-rich epithelial cells which - analogously to osteoclasts - function 

as regulators of acidification in organs such as kidney, stomach, gastric 

glands and testis 8.  

Both macrophages and osteoclasts derive from the same 

monocytic precursor and differentiate under the control of the cytokine 

macrophage-colony stimulating factor (M-CSF). During osteoclastogenesis 

M-CSF and receptor activator of nuclear kappa B ligand (RANKL) are crucial 

cytokines, whereas macrophage differentiation only requires M-CSF 10. 

Although both cell types derive from the same precursor and their 

differentiation is stimulated by the same cytokine, it is not known whether 

their biogenesis of mitochondria is also similarly regulated or whether 

differentiated macrophages also contain numerous mitochondria.  

The differentiation of osteoclast precursors into osteoclasts is a 

multistep process and includes the adhesion of the precursors to osteoblast-

like/bone lining cells, migration to the bone surface and their fusion with 

other precursors into multinucleated tartrate-resistant acid phosphatase 

(TRACP)-positive cells 11,12. At some time point during osteoclastogenesis a 

significant biogenesis of mitochondria occurs, thereby providing the 

osteoclast with one of its unique functional features: a very high density of 

mitochondria 8. Thus far, the recent study by Ishii et al. is the only study that 

dealt with this phenomenon 13. It demonstrates the involvement of the 
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peroxisome proliferator activator receptor- gamma co-activator PGC-1β in 

the formation of mitochondria during osteoclastogenesis induced by M-CSF 

and RANKL 13. Mice deficient for Ppargc1b, the gene that encodes PGC-1β, 

have an impaired osteoclast function and an increase in bone mass. PGC-

1β is also highly expressed in brown adipose tissue and muscle cells. 

Functional studies further suggest that PGC-1β is involved in mitochondrial 

oxidative energy metabolism 13-16. However, little is known about the 

expression of other mitochondria-related genes during this process and it 

has not yet been elucidated how M-CSF and/or RANKL contribute to the 

genesis of mitochondria during osteoclast differentiation. Therefore, the aim 

of this study was to investigate the synthesis of mitochondria during 

osteoclastogenesis and macrophage differentiation and to establish the role 

of M-CSF and RANKL in these processes. 

Materials and methods 

Cell cultures 

Bone marrow isolation 

Permission for the animal experiments was obtained from the Animal 

Welfare Committee of the VU University (Amsterdam, The Netherlands). Six 

weeks old female C57BL/6J mice (Harlan, Horst, The Netherlands) were 

killed with a peritoneal injection of a lethal dose of Euthesate (0.1 ml sodium 

pentobarbital per mouse; Sanofi Santé Animale Benelux B.V., Maassluis, 

The Netherlands). Tibiae were removed and placed in petri dishes 

containing α-Minimal Essential Medium (α-MEM; Gibco, Paisley, Scotland) 

supplemented with 5% fetal calf serum (FCS; HyClone, Logan, UT) and 1% 

antibiotics (100 U/ml penicillin, 100 µg/ml streptomycin, and 250 ng/ml 

amphotericin B (Antibiotic antimycotic solution, Sigma, St. Louis, MO) and 

heparin (170 IE/ml; Leo Pharmaceutical Products B.V., Weesp, The 

Netherlands). Bones were cleaned of soft tissue and the bone marrows were 

isolated by crushing the bones in mortars 17. The cell suspensions were 

aspirated through a 21 gauge needle and filtered over a 100 µm pore size 

Cell Strainer filter (Falcon/Becton Dickinson, Franklin Lakes, NJ).  
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Osteoclastogenesis 

The bone marrow cells were plated in 96 wells cell culture plates (Cellstar, 

Greiner Bio-one, Monroe, NC, USA) at a density of 1 × 105 cells per well. 

Cells were cultured in 150 µl culture medium containing 30 ng/ml 

recombinant murine M-CSF (R&D systems, Mineapolis, MN) and 20 ng/ml 

recombinant murine RANKL (RANKL-TEC, R&D systems). The culture 

plates were stored in a humidified atmosphere of 5% CO2 in air at 37 °C. 

Culture medium was collected and replaced after 3 days. At the end of the 

culture periods, cells in the wells were fixed in 4% PBS-buffered 

formaldehyde and stored in PBS at 4°C.  

RNA analysis and real-time quantitative PCR 

RNA from cultured cells was isolated using the RNeasy Mini Kit (Qiagen, 

Hilden, Germany) according to the manufacturer’s instructions. 100 ng RNA 

was used in the reverse transcriptase reaction which was performed 

according to the MBI Fermentas cDNA synthesis kit (Vilnius, Lithuania), 

using both the Oligo(dT)18 and the D(N)6 primers. 

Real-time PCR was performed on an ABI PRISM 7000 (Applied 

Biosystems Foster City, CA). Primer sequences are listed in Table 1, all 

PCR efficiencies were comparable. 

The reactions were performed with 1 ng cDNA in a total volume of 

15 µl containing SYBR Green PCR Master Mix, consisting of SYBR Green 1 

Dye, AmpliTaq Gold DNA polymerase, dNTPs, passive reference and buffer 

(Applied Biosystems) and 300 nM of each primer. After an initial activation 

step of the AmpliTaq Gold DNA polymerase for 10 minutes at 94 °C, 40 

cycles were run of a two step PCR consisting of a denaturation step at 95 °C 

for 30 seconds and annealing and extension step at 60°C for 1 minute. 

Subsequently the PCR products were subjected to melting curve analysis to 

test if any unspecific PCR products were generated. 

Porphobilinogen deaminase (PBGD) was used as the 

housekeeping gene. Expression of these genes was not affected by the 

experimental conditions. Samples were normalized for the expression of 

PBGD by calculating the ∆Ct (Ct gene of interest – Ct PBGD) and expression of the 

different genes is expressed as 2^-(∆Ct). 
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Table 1.  Primers used for quantitative RT- PCR  

Primer Sequence 5’ -> 3’ 
Amplicon length 

(bp) 

PBGD: 

Forward 

Reverse 

 

AgTgATgAAAgATgggCAACt 

TCTggACCATCTTCTTgCTgA 

122 

F4/80: 

Forward 

Reverse 

 

gCACCAATgTACCAggCTCCTA 

gATCCTTTTgCAgTTgAAgTTTCC 

100 

C-FMS: 

Forward 

Reverse 

 

gAAACgCgACCTTCAAAAACA 

ggCCggATCTTTgACATACAA 

100 

TRACP: 

Forward 

Reverse 

 

gACAAgAggTTCCAggAgACC 

gggCTggggAAgTTCCAg 

157 

CR: 

Forward 

Reverse 

 

CgTTCTTTATTACCTggCTCTTgTg 

TCTggCAgCTAAggTTCTTgAAA 

100 

PGC-1α: 

Forward 

Reverse 

 

TgCTCAAgCCAAACCAACAAC 

AggTTCgCTCAATAgTCTTgTTCTC 

100 

PGC-1β: 

Forward 

Reverse 

 

TggCCCAgATACACTgACTATgA 

TCTTTCAgTAAgCTgTCAAAATCC 

100 

BDH: 

Forward 

Reverse 

 

CgTgACAgAgAAAATgggACAA 

CTAgCCgCATCTgCCTgACT 

100 

POLG: 

Forward 

Reverse 

 

CCAgTgAgCCCCACTgTAgAAT 

CAATTgCTgCTTCCCCTgTT 

101 

TFAM: 

Forward 

Reverse 

 

TCCAggAggCAAAggATgAT 

AAgCTgAATATATgCCTgCTTTTCC 

100 

COX II: 

Forward 

Reverse 

 

TAACCgAgTCgTTCTgCCAAT 

TggTCggTTTgATgTTACTgTTg 

150 

COX IV: 

Forward 

Reverse 

 

TTCACTgCgCTCgTTCTgAT 

AgCATTCgCTTggTCTgCAT 

100 
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FACS analysis 

Cells were incubated with MitoTracker Green FM (Invitrogen, Paisley, UK) 

for 30 minutes in a final concentration of 200nM in DMEM, 10% FCS and 1% 

PSF.  Next, the cells were trypsinized (trypsin; Gibco, Grand Island, NY) for 

20 minutes and fluorescence was measured using Flow Cytometry (C6 Flow 

Cytometer, Accuri, Cambs, UK). The threshold was set at the fluorescence 

level at the end of the peak in the culture without the addition of MitoTracker 

(Fig. 2A). 

Cell metabolic assay – WST-1 

At the end of incubation, the medium was removed; cells were washed twice 

with PBS and exposed to medium with 1:10 (final dilution) of the cell 

proliferation reagent WST-1-buffer (0.3 mg/ml) (WST-1, Roche Diagnostics, 

Mannheim, Germany). In this assay the tetrazolium salt WST-1 is cleaved to 

formazan by a mitochondrial succinate-tetrazolium-reductase system and 

measuring the amount of cleavage gives an indication about the 

mitochondrial activity of the cell 18,19. After 0.5,1,2 and 4 h, the level of 

absorbance was recorded by a Victor photometer (Wallac, Turku, Finland) at 

450 nm with 650 nm reference wavelength. Background was assessed by 

measuring the absorbance of WST in control medium. 

Electron microscopy 

For electron microscopy the cells were fixed in the plates for 48h in fixative 

containing 1% glutaraldehyde and 4% formaldehyde in 0.1 M sodium 

cacodylate buffer pH 7.4. The wells were rinsed in 0.1 M cacodylate buffer 

pH 7.4 for 30 min, postfixed in 1% OsO4 (Drijfhout, Amsterdam, The 

Netherlands) in 0.1 M sodium cacodylate buffer pH 7.4 for 60 min at 4°C, 

dehydrated, and embedded in epoxy resin LX-112 (Ladd, Burlington, VT); 

the propylene-oxide was omitted. Ultrathin sections (80 nm thick) were cut 

on an Ultracut R ultramicrotome (Reichert-Jung, Wien, Austria) and studied 

with a Tecnai G2 transmission EM (FEI Company, Eindhoven, The 

Netherlands). 

Statistical analysis 

One way ANOVA of repeated measures was performed to analyze 

significant differences between the different time points in figures 1 and 2. 

Statistical differences in mRNA gene expression were assessed comparing 
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the means with an unpaired T-test in figure 3, 4 and 5. A non-parametric 

Kruskal-wallis test was used to analyze significant differences between 

culture conditions in figure 6. 

Results 

The effect of M-CSF on the mitochondrial activity p er cell  

To investigate how the biogenesis of mitochondria is associated with 

osteoclast differentiation in the presence of M-CSF and RANKL, we 

analyzed the cleavage of WST-1 to formazan by mitochondrial succinate-

tetrazolium-reductase as a measure for mitochondrial activity per cell during 

this process and compared this with the activity in non-stimulated cell 

cultures and those stimulated with only M-CSF or RANKL. Cells were 

cultured for 3 to 7 days and subsequently incubated for 1h with WST-1.  

A significant time-dependent increase in mitochondrial activity per 

cell was seen when the cells were stimulated with M-CSF (Fig. 1B). After a 

culture period of 5 days there was a six-fold increase. Hereafter the activity 

decreased and on days 6 and 7 values were as low as those found on day 3. 

When the cells were not stimulated or stimulated with RANKL alone a 

moderate but still significant increase in activity was found (Figs 1A, C). 

When M-CSF and RANKL were both added to the cell culture, a maximum 

level of activity was already apparent after 3 days of culture and this value 

hardly changed during the rest of the culture period (Fig. 1D). 
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Figure 1. The mitochondrial activity is highly stim ulated by M-CSF. 
The absorbance as a measure for the mitochondrial activity is depicted and related to 
the amount of DNA. A WST-1 assay was performed on mouse bone marrow cells 
cultured with or without M-CSF and/or RANKL. The activity was analyzed at different 
time points (day 3 to 7) and considered to be significantly different from controls (the 
activity at day 1) when * p < 0.05, ** p < 0.01 and *** p < 0.001. Bars represent the 
means ± SEM and n=3. 
(B) A significant time-dependent increase was found in most cultures but was most 
prominent in the cultures stimulated with M-CSF and a maximum level was reached 
after 5 days. (D) The mitochondrial activity per cell hardly changed in the M-
CSF/RANKL-incubated cultures or (A) in the cultures without cytokines. 

 

The effect of M-CSF on the percentage of cells with  a high number of 
active mitochondria 

As a second measure of the presence of functional mitochondria, we 

assessed the uptake of MitoTracker green by flowcytometry. The percentage 

of cells that was fluorescent green was counted and compared to the 

negative control (Fig 2A).  After 3 days of culture, 20-40% of the cells had a 

high number of active mitochondria (Fig. 2B). The cultures kept with M-CSF 

alone or in combination with RANKL, showed a significant increase of cells 

with a high level of MitoTracker green uptake up to 60% during 
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differentiation. This level was reached more rapidly when cells were 

stimulated with M-CSF alone (Fig. 2B). In the cultures without cytokines and 

those stimulated with only RANKL this percentage of cells was low and 

decreased over time. 
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Figure 2.  M-CSF increases and sustains the percentage of cell s with high 
mitochondrial activity . Mouse bone marrow cells were cultured with or without M-
CSF and/or RANKL and incubated for 30 min with MitoTracker green prior to the 
analysis. (A) To set a threshold for the mitochondrial activity analyzed by measuring 
the fluorescence of MitoTracker using FACS, the fluorescence of cells not incubated 
with MitoTracker was analyzed and a threshold was set at the end of the 
fluorescence peak. This threshold was used to determine the percentage of cells with 
a high number of active mitochondria in the cultures incubated with MitoTracker. (B) 
The time-dependent effect of the cytokines on the mitochondrial activity. M-CSF 
(alone and in combination with RANKL) increases the percentage of cells with a high 
level of MitoTracker green uptake over time and this effect is significantly different 
from the other cultures. * p < 0.05, ** p < 0.01 and *** p < 0.001. Bars represent 
means ± SEM and n=3. 

Expression of macrophage- and osteoclastogenesis-re lated genes 

In order to confirm that M-CSF stimulation of bone marrow resulted in 

macrophage differentiation and M-CSF/RANKL in osteoclast differentiation, 

we analyzed mRNA expression of specific genes in both cultures. In line with 

the alleged role of M-CSF in the differentiation of the precursors into 

macrophages 20, we found a high expression of F4/80 and c-fms in these 

cultures (Figs 3A, B). The combination of M-CSF and RANKL resulted in a 

low expression of these genes, whereas calcitonin receptor (CR) and 

TRACP were, as expected, highly expressed under the latter conditions (Fig. 

3C, D). Furthermore, the expression of all genes increased over time; the 

highest levels were found at day 6 (Fig. 3). 
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Figure 3.  mRNA expression of macrophage and osteoclast-relate d genes.  The 
mRNA expression of genes associated with macrophages (F4/80), genes increased 
in macrophages (c-FMS) and osteoclast-related genes (TRACP and calcitonin 
receptor) in mouse bone marrow cells was analyzed after 3 and 6 days of culture. 
The cells were cultured with M-CSF (left bar at each time point) or M-CSF/RANKL 
(right bar at each time point). (A-B) F4/80 and c-FMS were highly induced in the 
culture solely stimulated with M-CSF and their expression increased over time. (C-D) 
The mRNA expression of TRACP and calcitonin receptor was induced in the 
osteoclast culture (M-CSF/RANKL) whereas their expression was negligible in the 
macrophage culture (M-CSF). The expression of genes also increased over time in 
the osteoclast culture. Bars represent means ± SEM and n=3. * p < 0.05, ** p < 0.01 
and *** p < 0.001. 
 

BDH and PGC1- β are associated with mitochondrial biogenesis durin g 
osteoclast differentiation  

Since mitochondrial biogenesis takes place during osteoclast and 

macrophage differentiation, we next analyzed genes involved in this process 

in both cultures. 

The PGC-1 family of co-activators of nuclear receptors stimulates 

the transcription of genes directly involved in mitochondriogenesis 14,21-23. 

Fig. 4A shows an increased mRNA expression of PGC-1β in the presence of 
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both M-CSF and RANKL compared to M-CSF. No effect was found on the 

expression of PGC-1α (Fig. 4B).  

 

Figure 4. BDH and PGC1- β are associated with mitochondrial biogenesis 

during osteoclast differentiation . The mRNA expression of mitochondrial-related 

genes was analyzed after 3 and 6 days in a culture of mouse bone marrow cells 

stimulated with M-CSF (left bar) or M-CSF/RANKL (right bar). (A-C) PGC-1β and 

BDH were up-regulated in the osteoclast culture and the expression of these genes 

increased over time. The expression of PGC-1α was not altered in the different 

cultures. * p < 0.05, ** p < 0.01 and *** p < 0.001. Bars represent means ± SEM and 

n=3. 

 

D-3-hydroxybutyrate dehydrogenase (BDH), an enzyme bound to the 

mitochondrial inner membrane, shows a significant time-dependent increase 

in expression in M-CSF/RANKL cultures. In the presence of M-CSF alone 

expression was very low (Fig. 4C). 

The expression of other genes associated with the biogenesis of 

mitochondria such as POLG, TFAM, COX II and COX IV did not differ 

among cultures (Fig. 5). The mRNA expression of the respiratory subunits 
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COX II and IV genes and POLG show a time-dependent increase in both M-

CSF and M-CSF/RANKL stimulated cultures.  

 
 
Figure 5. mRNA expression of other genes related to  the biogenesis of 
mitochondria is not altered in the different cultur es. The mRNA expression of 
POLG, TFAM, COXII, COXIV was analyzed in cultures of mouse bone marrow cells 
stimulated with M-CSF (left bar) or M-CSF/RANKL (right bar). No differences in 
mRNA expression of these genes were found between the cultures. Bars represent 
means ± SEM and n=3. * p < 0.05, *** p < 0.001. 
 

Morphological differences between mitochondria of c ells stimulated 
with or without the cytokines M-CSF and/or RANKL 

The above experiments indicate that the gene expression of mitochondrial 

genes is differentially regulated in osteoclasts and macrophages. Differential 

gene expression may indicate that mitochondria of osteoclasts function 

differently from mitochondria of macrophages. As a derivative of different 

mitochondrial function we assessed whether mitochondria of bone marrow 

cells cultured without or with the cytokines M-CSF and/or RANKL differ 

morphologically. 

To get a better insight in the morphology of the mitochondria 

formed during macrophage and osteoclast differentiation, we analyzed the 
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ultrastructure of these organelles and quantified their size after three and six 

days of culture. After three days the largest mitochondria were observed in 

the cultures stimulated with M-CSF and RANKL. The difference in size 

between the mitochondria of the other cultures was negligible. Large 

mitochondria were also found in the M-CSF/RANKL cultures after six days of 

culture as well as in the culture only stimulated with RANKL (Fig. 6). 

 
Figure 6 . Mitochondria of cells in the osteoclast culture are  larger compared to 
the ones of cells in the macrophage culture.  The mean surface area per 
mitochondrion is shown for the different cultures after three and six days. After three 
days, mitochondria were larger in the M-CSF/RANKL culture compared to the culture 
where no cytokines were added. After six days, the RANKL cultures contained cells 
with significantly larger mitochondria compared to control. Bars represent means ± 
SEM and n=16. 
 

Microscopic analyses of cells in the M-CSF (Figs 7A,B) and M-CSF/RANKL 

(Figs 7C-E) cultures after six days, resembling a late stage of osteoclast and 

macrophage differentiation, showed that macrophage-like cells were 

characterized by the presence of numerous cytoplasmic extensions (Fig. 7A) 

which were far less seen in the osteoclast precursors (Fig. 7C,D). Higher 

magnification visualized that the mitochondria of the latter cells were more 

often longitudinal and the cristae were more obviously present in this culture 

compared to the macrophage culture. In addition, the rough endoplasmic 

reticulum was abundantly present in cells in the M-CSF/RANKL cultures 

(Fig. 7E) whereas almost absent in those cultured with M-CSF alone (Fig. 

7B). Besides, the osteoclast-like cells did not contain any vacuoles with 

cellular debris, while the macrophage-like cells clearly did (Fig. 7B). 
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Figure 7. Electron micrographs of cells in the macr ophage and osteoclast 
cultures. The morphology of mitochondria of cells from M-CSF and M-CSF/RANKL 
cultures was analyzed after six days of culture using transmission electron 
microscopy. (A) Low magnification of a macrophage of an M-CSF culture. Note the 
presence of numerous cellular extensions. Vacuoles containing cellular debris were 
frequently seen in these cells. (B) Part of the cytoplasm (see the boxed area of Fig. 
7A) shown at a higher magnification showing the relatively small mitochondria (full 
black arrows) and a vacuole with debris (white dashed arrow). (C,D) Low 
magnification of an osteoclast with one or two nuclei visible in an M-CSF/RANKL 
culture. (E) Higher magnification of the boxed area of Fig. 7D showing relatively large 
and elongated mitochondria (full black arrows) and the extensive endoplasmic 
reticulum (full white arrow). 

Discussion 

A characteristic feature of osteoclasts is the abundant presence of 

mitochondria. Little is known, however, about the mechanisms involved in 

the biogenesis of these organelles that are crucial for the proper functioning 

of the osteoclast. Since the non-committed precursor has only very few 

mitochondria it is clear that in a relatively short period of time mitochondrial 

biogenesis is of significant importance. In this study we show that the 

cytokine M-CSF significantly increases the activity of the mitochondrion-

specific enzyme succinate-tetrazolium reductase over time and displays its 

maximum level after five days followed by a significant reduction on day six. 
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Since succinate tetrazolium reductase activity has been considered as a 

measure for cell viability, this reduction could reflect a decrease in the 

number of viable cells. However, none of the other data suggest this. Could 

this imply that in these cells the enzyme activity is not strongly correlated to 

cell viability? Also, no reduction in activity of this enzyme was found over 

time in cells cultured with M-CSF and RANKL which suggests a different role 

for this enzyme in macrophages and osteoclasts. In addition, cells stimulated 

with both M-CSF and RANKL did not reach the high levels of enzyme activity 

as the cells cultured only with M-CSF. This indicates that RANKL could play 

a role in tempering the activity of this mitochondrial enzyme. Moreover, the 

maximum levels seen in M-CSF/RANKL stimulated cells were already 

reached after three days and did not change during further differentiation. 

These data strongly suggest an important role for M-CSF in the biogenesis 

of mitochondria. Nothing is known how it exerts such an effect, but it has 

been shown that granulocyte-macrophage colony-stimulating factor (GM-

CSF), another member of the CSF-family, induces expression of magmas, a 

novel mitochondria-associated protein which is involved in GM-CSF signal 

transduction 24. It is therefore plausible that also M-CSF plays such an 

inducing role in mitochondriogenesis. 

Not only the mitochondrial enzyme activity per cell was induced by 

M-CSF, also the percentage of cells that incorporated high levels of 

MitoTracker green increased significantly in M-CSF-cultures. A high number 

of active mitochondria could reflect a high number of mitochondria in 

general. M-CSF-induced mitochondriogenesis thus possibly indicates that 

not only osteoclasts but also macrophages require abundant mitochondria 

and generate these organelles during their differentiation. To obtain a better 

insight into this, we investigated mRNA expression during macrophage and 

osteoclast differentiation and showed different effects of M-CSF in both 

cultures.  

When cells were stimulated with M-CSF and RANKL, not only 

PGC-1β but also BDH was increased. The increase appeared to be due to 

RANKL signaling, possibly in consort with M-CSF. Analyzing to what extend 

genes were induced in both cultures revealed that the up-regulation of 

mRNA gene expression was much more pronounced in the presence of M-

CSF/RANKL compared to the one in the cells solely stimulated with M-CSF. 

This suggests a novel role for RANKL in mediating gene expression of 

specific genes related to mitochondriogenesis which possibly leads to a 
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unique subpopulation of mitochondria specifically equipped for their function 

in osteoclasts and associated with BDH activity. 

Knock-out studies revealed that PGC-1β is a global regulator of 

mitochondrial gene expression and its absence is in some tissues 

compensated by PGC-1α 22. It is not yet known whether such a 

compensation mechanism exists in bone tissue. It could well be that both co-

activators have similar functions and are differently induced, depending on 

cell type. This is in line with a study by Ishii. et al. who showed a crucial role 

for PGC-1β in mitochondriobiogenesis during osteoclast formation, but did 

not find any effect of PGC-1α on this process 13.  

The up-regulation of BDH in osteoclast cultures is in line with the 

high increase of mitochondria during osteoclast differentiation 8. A high 

activity of BDH has been exclusively found in osteoclasts and odontoclasts 
25,26, indicating a heterogeneity amongst mitochondria of various cell types. 

The cell-specific up-regulation of mitochondria-associated genes supports 

the interesting idea of heterogeneity among mitochondria 27. Our findings 

suggest a mitochondrial heterogeneity between macrophages and 

osteoclasts, regulated by cytokines such as M-CSF and RANKL whereby 

both factors play different roles. 

Morphological and functional differences between mitochondria 

from different cell types as well as within a single cell have been described in 

the literature. Collins et al. investigated the mitochondria of HeLa, PAEC, 

COS-7, HUVEC, hepatocytes, astrocytes and neuronal cells and showed 

that mitochondria were morphologically heterogeneous within individual cells 

and capable of exerting different functions 27. It is therefore very likely that 

macrophages and osteoclasts contain different subpopulations of 

mitochondria which not only differ in their morphology but also in their 

function.  

We next analyzed the expression of transcription factors related to 

the transcription of mtDNA (such as TFAM) and found no differences in 

expression when cells were cultured with M-CSF or M-CSF/RANKL. In 

addition, genes encoding for subunits of the respiratory apparatus, such as 

Cox II and Cox IV, also did not differ among cultures. All these genes are 

involved in the so-called nucleo-mitochondrial interactions, the 

communication between the two cellular compartments containing the 

nuclear and mitochondrial genomes 28. This makes it plausible that the 

differences in gene expression observed between macrophage and 
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osteoclast cultures at these time points is limited to strictly nuclear genes 

and this could explain that no differences were found  regarded to TFAM and 

the respiratory units Cox II and IV.  

Analyzing the morphology of mitochondria in the different cultures 

revealed interesting differences between macrophage-like and osteoclast-

like cells. Mitochondria in the osteoclast culture were larger compared to the 

ones in the other cultures and they had a more longitudinal shape compared 

to the ones in the cells stimulated with M-CSF alone. Alterations in the size 

of mitochondria have been related to changes in mitochondrial function in 

neurons of Alzheimer disease. A dysfunction of mitochondria in these nerve 

cells led to a significant reduction in size 29. Analogously, this could suggest 

that the larger mitochondria in the osteoclasts are more active compared to 

those in the macrophage culture.  

In conjunction to differences in gene expression, this again 

supports the hypothesis of mitochondrial heterogeneity between osteoclasts 

and macrophages.  

 In addition to the mitochondrial biogenesis, also the rate of 

mitophagy, the autophagy of mitochondria, is crucial to determine the 

mitochondrial density within a cell. It has been shown that mitophagy can be 

associated with cellular differentiation in mammalian cells 30 . In this study 

we focused, however, on the mitochondrial biogenesis as a first step to 

reveal the mechanisms behind the regulation of mitochondrial density during 

osteoclast differentiation. 

Taken together, this study shows an important involvement of M-

CSF in the biogenesis of mitochondria during macrophage as well as in 

combination with RANKL in osteoclast differentiation. Mitochondrial enzyme 

activity, morphological differences and changes in mitochondria-related gene 

expression strongly suggest heterogeneity in the mitochondria of 

macrophages and osteoclasts and suggest a specific role of M-CSF and 

RANKL in the mitochondriogenesis of these two cell types.  
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