
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


 

 

 

학 사 학 논문 

 

 

Regulation of osteoclastogenesis  

by lipoteichoic acid and adiponectin 

 
 

리포테 코산과 아디포넥틴에 한 

골 포  분화 조절  

 

 

2015년 2월 

 

 

울대학  대학원 

 

치 과학과 역  분 미생물 전공 

 

양 지 현 

 

 



 

 

Regulation of osteoclastogenesis 

by lipoteichoic acid and adiponectin 

 

by 

Jihyun Yang 

 

Under the supervision of 

Professor Seung Hyun Han, Ph. D. 

 

A Thesis Submitted in Partial Fulfillment of 

the Requirements for the Degree of 

Doctor of Philosophy 

 

February 2015 

 

School of Dentistry 

Graduate School 

Seoul National University 

 



 

ABSTRACT 

 

Regulation of osteoclastogenesis  

by lipoteichoic acid and adiponectin 
 

Jihyun Yang 

 

Department of Dental Science, Major of Immunology and Molecular 
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Objectives 

Bone homeostasis is maintained by a balance between bone-resolving 

osteoclasts and bone-forming osteoblasts. Osteoclasts are derived from 

monocyte/macrophage lineages of hematopoietic stem cells, whereas 

osteoblasts are derived from mesenchymal stem cells which are likely to 

differentiate into adipocytes. Because the differentiation of osteoclasts and 

osteoblasts is important for maintaining appropriate bone metabolism, 

disruption of the differentiation can result in bone diseases such as bacteria-

induced bone destruction and osteoporosis. Bacterial infection triggers 

inflammatory bone destruction resulting from excessive osteoclast 

differentiation, and microbe-associated molecular patterns (MAMPs) 

expressed on bacteria are known to induce inflammatory responses. 

Lipoteichoic acid (LTA) is considered as a major virulence factor expressed 

on the cell wall of Gram-positive bacteria, but little is known about its effect 

on the osteoclastogenesis. On the other hand, osteoporosis is known to be a 

representative bone disease accompanying reduced bone mass with increased 

bone marrow adiposity. Adiponectin is the member of adipokines secreted 

primarily from adipocytes and plays an important role in the regulation of 

metabolic processes, but its role in osteoclastogenesis is still uncertain. In the 

present study, the roles of LTA and adiponectin in the regulation of 

osteoclastogenesis and the action mechanisms were investigated. 



 

Methods 

Ethanol-inactivated wild-type and LTA-deficient Staphylococcus aureus 

were prepared and LTA was purified from S. aureus. Mice were 

intraperitoneally administered with ethanol-inactivated bacteria. Mouse 

calvarial bone was implanted with collagen sheet soaked in LTA and/or a 

synthetic peptide Pam2CSK4 mimicking Gram-positive bacterial lipoproteins. 

Bone marrow-derived macrophages (BMMs) were prepared from stroma-free 

bone marrow cells (BMs) by incubating with macrophage colony-stimulating 

factor (M-CSF), and the BMMs were further differentiated into osteoclasts by 

incubating with M-CSF and receptor activator of nuclear factor κB ligand 

(RANKL) in the presence or absence of the activated bacteria or LTA. 

Committed osteoclast precursors were prepared from BMMs by incubating 

with RANKL and M-CSF. The committed osteoclast precursors were 

stimulated with LTA and/or osteoclast-inducing factors, such as bacteria, 

Pam2CSK4, lipopolysaccharide (LPS), TNF-α, and RANKL, in the presence 

of M-CSF. 

To investigate the role of adiponectin in osteoclastogenesis, wild-type and 

adiponectin-deficient mice were used. Osteoblast precursors were isolated 

from the calvaria of one-day-old mice and incubated with ascorbic acid and β-

glycerophosphate to induce osteoblast differentiation. For induction of 

adipocyte differentiation, osteoblast precursors were incubated with 

dexamethasone, insulin, and 3-isobutyl-1-methylxanthine. BMMs were 

prepared from stroma-free BMs by incubating with granulocyte/macrophage 

colony-stimulating factor (GM-CSF) for M1 macrophages or M-CSF for M2 

macrophages. To examine osteoclast differentiation, the BMMs were 

incubated with M-CSF and RANKL or co-cultured with osteoblast precursors. 

RANKL-induced bone destruction was made by intraperitoneal administration 

or by implantation on mouse calvarial bone. 

Bone parameters of the femur and the calvaria were analyzed by micro-

computed tomography. Osteoclast differentiation and bone resorption capacity 

were evaluated by enumerating tartrate-resistant acid phosphatase (TRAP)-

positive multinucleated cells (MNCs) and by measuring the areas of 

resorption pits. Expression of cell surface proteins, such as TLR2, CD14, c-

Fms, RANK, and TREM2, was analyzed by flow cytometry. Osteoblast 

differentiation was evaluated by staining with alkaline phosphatase and 

Alizarin Red S. Adipocyte differentiation was evaluated by staining with Oil 



 

Red O. Expression of RANKL, OPG, IL-6, TNF-α, and IL-10 in the culture 

supernatants, the bone marrow extracellular fluids, or the serum was measured 

by enzyme-linked immunosorbent assay. Intracellular signaling pathways 

were determined by Western blotting, electrophoretic mobility shift assay, or 

immunoprecipitation.  

 

Results 

LTA-deficient S. aureus augmented massive bone destruction compared 

with wild-type S. aureus. Consistently, the LTA-deficient S. aureus increased 

the number of TRAP-positive MNCs. LTA alone affected neither 

differentiation of committed osteoclast precursors nor bone destruction. 

However, LTA inhibited differentiation of BMMs into TRAP-positive MNCs 

in response to RANKL. In contrast, LTA augmented phagocytic and 

inflammatory potential of the BMMs. The inhibitory effect of LTA on 

RANKL-induced osteoclastogenesis was mediated by attenuated activation of 

ERK, JNK, and AP-1 through toll-like receptor 2 (TLR2) with partial 

involvement of MyD88. In addition to BMMs, LTA also inhibited 

differentiation of committed osteoclast precursors into TRAP-positive MNCs 

triggered by S. aureus, Pam2CSK4, LPS, TNF-α, or RANKL. The inhibitory 

effect of LTA was not altered in the osteoclasts derived from mice lacking 

TLR2. LTA suppressed activation of both MAPKs and actin polymerization. 

Taken together, these results suggest that LTA inhibits not only M-

CSF/RANKL-mediated osteoclastogenesis from macrophages through TLR2-

dependent pathways but also osteoclastogenesis from committed osteoclast 

precursors triggered by TLR ligands, pro-inflammatory cytokines, and 

RANKL through TLR2-independent pathways. 

Adiponectin-deficient mice exhibited a decrease of bone mass but, instead, 

an increase of bone marrow adiposity. Bone histomorphometric analysis also 

demonstrated that the bone of adiponectin-deficient mice showed an increase 

of bone resorption, a decrease of bone formation, and an increase of adiposity 

formation. Concordant with the in vivo results, adiponectin-deficient 

osteoblast precursors were scarcely differentiated into osteoblasts but, instead, 

efficiently differentiated into adipocytes. However, unlike the in vivo results, 

adiponectin-deficient BMMs were hardly differentiated into TRAP-positive 

MNCs. Both formation of bone resorption pits and DNA-binding activities of 

AP-1 and NFATc1 were reduced in the adiponectin-deficient BMMs. The 



 

weak osteoclastogenic potential of the adiponectin-deficient BMMs was 

associated with properties of M1 macrophages. M1 macrophages were barely 

differentiated into osteoclasts by attenuating activation of NFATc1 conferred 

by the increased expression of IRF5. However, when adiponectin-deficient 

BMMs were co-cultured with adiponectin-deficient osteoblast precursors, the 

number of TRAP-positive MNCs was increased. In addition, a RANKL/OPG 

ratio was up-regulated under the same condition. The up-regulated 

RANKL/OPG ratio was also observed in bone marrow extracellular fluid of 

adiponectin-deficient mice. Indeed, RANKL-induced bone destruction was 

facilitated in the adiponectin-deficient mice. These results suggest that 

adiponectin is an important factor inhibiting osteoclastogenesis by down-

regulation of RANKL/OPG ratio, consequently contributing to an increase of 

bone mass. 

 

Conclusion 

Controlling the osteoclastogenesis is important for an efficient treatment or 

prevention of bone diseases. Therefore, it is important to identify the 

molecular targets controlling osteoclastogenesis and to characterize their 

regulatory mechanisms for osteoclastogenesis. The present study 

demonstrated the inhibitory roles of LTA and adiponectin in 

osteoclastogenesis. Although LTA alone affected neither osteoclast 

differentiation from committed osteoclast precursors nor bone mass, LTA 

inhibited not only M-CSF/RANKL-induced osteoclast differentiation from 

macrophages but also TLR ligands, TNF-α, and RANKL-induced 

osteoclastogenesis from committed osteoclast precursors, consequently 

resulting in suppression of bone resorption. Adiponectin deficiency enhanced 

osteoclast differentiation by down-regulation of RANKL/OPG ratio and also 

attenuated osteoblast differentiation by skewed differential potential of 

osteoblast precursors toward adipocytes. Conclusively, LTA and adiponectin 

might be important factors capable of inhibiting osteoclastogenesis and could 

be potential target molecules controlling bone diseases accompanying 

excessive generation of osteoclasts. 

Keywords: Osteoclast, Macrophage, Committed osteoclast precursor, 

Lipoteichoic acid, Adiponectin 
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Chapter I. Introduction 

 

1. Bone and osteoclastogenesis 

1.1. Bone remodeling 

Bone is an important tissue responsible for structural support, protection of 

organs, hematopoiesis, and storage of inorganic elements. Bone remodeling is 

tightly regulated through a balance between bone-resolving osteoclasts and bone-

forming osteoblasts to maintain bone homeostasis (Fig. 1) [1]. Under environmental 

changes such as hormonal changes and mechanical stress, hematopoietic stem cells 

can differentiate into osteoclast precursors [2]. The osteoclast precursors attach to 

the bone surface and further differentiate into osteoclasts that possess bone 

resorption capacity [3, 4]. At the end of the bone resorption phase, the mature 

osteoclasts secret bone morphogenetic protein 6 (BMP6) and sphingosin-1-

phsophate (S1P) to recruit osteoblast precursors that are derived from mesenchymal 

stem cells. As the bone matrix is degraded, growth factors such as insulin-like 

growth factor-1 (IGF-1) and transforming growth factor-β (TGF-β) are released to 

promote osteoblast differentiation [5, 6]. Unlike osteoclasts, osteoblasts are 

responsible for bone formation and mineralization by producing bone matrix 

proteins such as type I collagen, bone sialoprotein (BSP), and osteocalcin (OCN) 

[2]. After the mineralization, some of the osteoblasts are converted into lining cells 

or osteocytes [1]. Several reports have demonstrated that bone remodeling is 

controlled by internal factors such as hormones, adipokines, and cytokines, and 

external factors such as microbes and microbial components [2]. Also, bone 

remodeling can be regulated by adjacent cells in the bone microenvironment such as 

adipocytes, B lymphocytes, and T lymphocytes [2]. 
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Figure 1. Bone remodeling 

Bone remodeling is a lifelong process involving sequential steps of bone resorption, 

reversal, bone formation, and mineralization. Upon exposure to external or internal 

stimuli, osteoclasts are differentiated from monocytes/macrophages of 

hematopoietic cell lineages and degrade bone matrix by producing proteolytic 

enzymes. At the end of the bone resorption phase, osteogenic factors such as BMP6, 

SP-1, IGF, and TGF-β are secreted from the osteoclasts and the bone matrix to 

recruit mesenchymal stem cells and promote osteoblast differentiation. After 

mineralization, some of the osteoblasts are converted into lining cells or osteocytes. 

BMP6, bone morphogenetic protein 6. S1P, sphingosin-1-phsophate. IGF-1, insulin-

like growth factor-1. TGF-β, transforming growth factor-β. 
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1.2. Bone diseases 

    Regulation of osteoclasts and osteoblasts are pivotal for appropriate bone 

remodeling [2]. Thus, disruption of osteoclast and/or osteoblast differentiation can 

result in a variety of bone diseases [7]. Notably, excessive generation of osteoclast 

is frequently found in several bone diseases. For instance, osteoporosis is the most 

common bone disease [8, 9]. Osteoporosis is considered as a significant public 

health problem worldwide because of increasing life expectancy and aging [8, 9]. It 

is characterized by reduced bone mass through excessive bone resorption and 

attenuated bone formation. Also, increased bone marrow adiposity is known to be a 

typical feature of osteoporosis [8], because vacant bone marrow space generated by 

excessive bone resorption is occupied by adipocytes [8, 9]. Since both adipocytes 

and osteoblasts are derived from common mesenchymal cell lineages, the increased 

bone marrow adiposity is associated with skewing differentiation potential of 

mesenchymal cells into adipocytes rather than osteoblasts [8]. Inflammatory bone 

diseases such as arthritis, osteomyelitis, and periodontitis are also accompanied by 

excessive bone destruction [10]. Notably, bacterial infections often cause various 

inflammatory bone diseases [11]. Osteomyelitis is the one of inflammatory bone 

diseases caused by bacterial infection, in particular Staphylococcus aureus [12]. It 

occurs commonly in children and elderly people [12]. Recently, osteomyelitis is 

known to be one of the most frequent infections of the diabetic patients with a foot 

wound [13]. Since excessive generation of osteoclasts is frequently found in several 

bone diseases, osteoclasts and their precursors can be exposed to distinct factors 

present in the pathological conditions resulting in uncontrolled osteoclastogenesis. 

Therefore, understanding their effects on osteoclastogenesis is important to control 

the mechanism of bone diseases and developing target molecules for bone diseases.  
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1.3. Osteoclastogenesis  

    Osteoclasts are specialized multinucleated cells (MNCs) with bone resorptive 

capacity [4]. Macrophage colony-stimulating factor (M-CSF) and receptor activator 

of nuclear factor κB ligand (RANKL) are required for osteoclast differentiation and 

activation, and they are largely produced from osteoblasts (Fig. 2) [4]. M-CSF 

supports proliferation, differentiation, and survival of osteoclast precursors. On the 

other hand, RANKL activates osteoclast differentiation through intracellular 

signaling pathways such as mitogen-activated protein kinases (MAPKs), nuclear 

factor-kappa B (NF-κB), and cAMP response element-binding protein (CREB) 

followed by induction of master transcription factors such as c-Fos and nuclear 

factor of activated T cells 1 (NFATc1) [14, 15]. RANK-RANKL signaling can be 

inhibited by osteoprotegerin (OPG) that is an antagonistic decoy receptor for 

RANKL and secreted from osteoblasts [3, 16]. Also, osteoclastogenesis requires co-

stimulatory signal through osteoclast-associated receptor (OSCAR) and triggering 

receptor by expressed myeloid cells-2 (TREM2) [17, 18]. The co-stimulatory signal 

efficiently activates NFATc1 by sustaining CREB activation via calcium oscillation 

[18, 19]. The activated NFATc1 elicits development of mature osteoclasts by 

augmenting tartrate resistant acid phosphatase (TRAP), cathepsin K, and matrix 

metalloproteinase 9 (MMP9) [20].  
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Figure 2. Osteoclastogenesis 

Osteoclasts are differentiated from macrophages of hematopoietic cell lineages. 

Osteoclast precursors, macrophages, are able to polarize toward inflammatory M1 

macrophages or anti-inflammatory M2 macrophages. Osteoclastogenesis consists of 

multiple steps, including differentiation of macrophages into committed osteoclast 

precursors, fusion of the mononuclear osteoclast precursors into multinuclear 

osteoclasts, and activation of osteoclasts to resorb bone. M-CSF and RANKL are 

primarily secreted from stromal cells and osteoblasts, and they facilitate 

osteoclastogenesis. Inhibition of this process occurs through the action of the 

soluble OPG secreted from stromal cells and osteoblasts. Expression of CTR and 

TRAP is absent in the macrophages but is gradually is increased during 

osteoclastogenesis. M-CSF, macrophage-colony stimulating factor. RANKL, 

receptor activator of nuclear factor κB ligand. CTR, calcitonin receptor, TRAP, 

tartrate resistant acid phosphatase.  
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1.3.1. Macrophages 

    Osteoclasts are differentiated from macrophages of hematopoietic cell lineages 

[14]. Macrophages act as major immune cells playing phagocytosis, cytokine 

production, and antigen presentation in the innate immune responses as well as 

osteoclast precursors [14]. The macrophages are able to polarize toward M1 or M2 

macrophages for an effective response to the environmental changes (Table 1) [21, 

22]. In steady state, macrophages exhibit M2-like cells with anti-inflammatory 

activity in response to M-CSF secreted from fibroblasts and stromal cells [23, 24]. 

Upon bacterial or viral infections, however, macrophages are exposed to 

granulocyte/macrophage colony-stimulating factor (GM-CSF), IFN-γ, or 

lipopolysaccharide (LPS), and the cells are rapidly polarized toward inflammatory 

M1 macrophages [21, 23]. The M1 macrophages trigger inflammatory responses by 

inducing pro-inflammatory cytokines and producing reactive oxygen species [25]. 

In contrast, anti-inflammatory M2 macrophages are activated by parasitic products 

such as IL-4 and IL-13 as well as parasitic infection [21, 22]. In addition, M2 

macrophages are induced by IL-10, TGF-β, and glucocorticoids. The M2 

macrophages participate in immune suppression and tissue remodeling [21, 22]. 

Several reports have demonstrated that various transcription factors are associated 

with macrophage polarization [21]. For instance, M1 macrophages are induced by 

interferon regulatory factor 5 (IRF5), IRF8, or STAT1, while M2 macrophages are 

activated by IRF4 or PPARγ [21]. Among the transcription factors, IRF5 is crucial 

for macrophage conversion capable of repolarizing from M1 to M2 or from M2 to 

M1 macrophages, because IRF5 induces M1-specific genes but inhibits M2-specific 

genes [26]. With respect to the osteoclastogenesis, M-CSF-induced M2 

macrophages have been used as general osteoclast precursors [27, 28] although the 

different subtypes of macrophages can possess osteoclastogenic potential. 
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Table 1. M1 and M2 macrophages 

 
M1 macrophage M2 macrophage 

Stimuli 
GM-CSF 
IFN- γ 
IFN-γ + LPS 

M-CSF 
IL-4 or IL-13 (M2a) 
Immune complex + LPS 
(M2b) 
IL-10 (M2c) 

Transcription 

factors 

IRF5 
IRF8 
STAT1 

IRF4 
PPARγ 
STAT6 

Secondary 

products 

IL-6high 
IL-12high 
IL-23high 
IL-10low 
Arginase II 
iNOS 

IL-6low  
IL-12low 
IL-23low  
IL-10high 
Arginase I 

Phenotypes 

cluster of differentiation 86 
(CD86)high 
CD80high 
MHC class IIhigh 
CD206low 

CD86low 

 
CD80low 
MHC class IIlow 
CD206high 

Functions 

Inflammatory responses 

 

Host defense 

Killing of intracellular 
pathogens 

High phagocytic capacity 

Secretion of degradative 
enzymes 

Promotion of Th1 response 

Anti-inflammatory responses 

Resolution of inflammation 

Anti-parasitic function (M2a) 

Tissue repair 

Matrix remodeling 
 

Promotion of Th2 response 
(M2a) 

Expansion of Treg 
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1.3.2. Macrophages and committed osteoclast precursors 

During RANKL-induced osteoclastogenesis, macrophages sequentially 

differentiate into committed osteoclast precursors followed by osteoclasts [29]. 

Committed osteoclast precursors are TRAP-positive and mononucleated cells. Two 

types of osteoclast precursors, macrophages and committed osteoclast precursors, 

possess different osteoclastogenic properties. For instance, differentiation of 

macrophages into osteoclasts is likely to be inhibited by microbes and their 

components [30]. In contrast, committed osteoclast precursors tend to efficiently 

differentiate into osteoclasts in response to microbes and their components [31]. In 

addition, two types of osteoclast precursors have different immunological properties. 

The committed osteoclast precursors possess weak phagocytic and inflammatory 

capacities compared with the macrophages [29, 31, 32]. Recently, proportion of the 

osteoclast precursor subtypes is poorly investigated in the bone microenvironment. 

 

1.3.3. Regulation of osteoclastogenesis 

Several reports have demonstrated that osteoclastogenesis is regulated by several 

factors such as internal factors, external factors, and interactions with adjacent cells 

in the bone marrow [33]. Among them, the effect of cytokines on osteoclastogenesis 

has been well demonstrated [28]. For instance, inflammatory cytokines such as 

TNF-α, IL-1, and IL-6 are reported to directly activate osteoclastogenesis through 

activation of NFATc1 in osteoclast precursors [28]. Also, the inflammatory 

cytokines can indirectly induce osteoclast differentiation and activation through up-

regulation of RANKL with down-regulation of OPG in osteoblasts [28]. In contrast, 

anti-inflammatory cytokine, IL-10, inhibits osteoclastogenesis through not only 

suppression of TREM2 expression on osteoclasts [34]  but also OPG up-regulation 

in osteoblasts [28]. Beside cytokines, osteoclastogenesis can be regulated by 

adipokines secreted from bone marrow adipocytes at pathological conditions such 

as osteoporosis accompanying increased bone marrow adiposity [8]. In addition, 
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osteoclastogenesis can be controlled by microbes and their components upon 

bacterial infection. 

 

2. Microbes and lipoteichoic acid (LTA) 

2.1. Microbial regulation of osteoclastogenesis 

Microbes constitutively interact with host and regulate immune responses. For 

instance, normal flora in skin, intestinal tract, and oral cavity are reported to play 

important roles in development of immune system [35], regulation of metabolism 

[36], and suppression of pathogenic microbial growth [35]. On the other hand, 

microbial infections activate inflammatory responses and cause a variety of 

infectious diseases such as sepsis, pneumonia, and inflammatory bone diseases. 

Among microbes, Gram-negative bacteria including Escherichia coli and 

Aggregatibacter actinomycetemcomitans and Gram-positive bacteria such as S. 

aureus and Enterococcus faecalis are closely associated with inflammatory bone 

disease [11, 37]. Bone and joint infections commonly enhance osteoclastogenesis 

but reduce osteoblastogenesis, subsequently leading to inflammatory bone diseases 

such as osteomyelitis, septic arthritis, and periodontitis [11, 38]. Although bone is 

generally resistant to bacterial colonization, breach of the host epithelial barriers 

such as wound or surgery can cause bacteremia [11]. The bacteria can spread to the 

bone via bloodstream resulting in disruption of bone remodeling [11]. Upon 

infection, the host recognizes and response to microbe-associated molecular 

patterns (MAMPs) expressed in microbes. 

 

2.2. Effect of MAMPs on osteoclastogenesis 

    Microbes possess various MAMPs such as LTA, lipoproteins, LPS, and 

peptidoglycan (PGN), and flagellin [39]. MAMPs are recognized by pattern-

recognition receptors (PRRs) such as the Toll-like receptors (TLRs) and NOD-like 
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receptors (NLRs) to activate immune responses [40]. As described in Table 2, 

previous reports have demonstrated that each TLR recognizes distinct MAMPs. One 

of the best-characterized MAMP is LPS of Gram-negative bacteria [40]. LPS is 

recognized by TLR4 triggering myeloid differentiation primary response gene 88 

(MyD88)-dependent and independent signaling pathways [40]. On the other hand, 

LTA of Gram-positive bacteria is recognized by TLR2 triggering MyD88-

dependent signaling pathways [39]. Diacylated lipoprotein preferentially expressed 

on Gram-positive bacteria is recognized by TLR2/TLR6 heterodimer, whereas 

triacylated lipoprotein expressed on Gram-negative bacteria is recognized by 

TLR2/TLR1 heterodimer [40]. Osteoclasts and their precursors are reported to 

express various TLRs, therefore, their differentiation and activation can be regulated 

by MAMPs [30]. 

As shown in Table 2, macrophages and committed osteoclast precursors 

differently respond to MAMPs. Most MAMPs inhibit RANKL-induced osteoclast 

differentiation from macrophages but induce osteoclast differentiation from 

committed osteoclast precursors in the absence of RANKL [30, 31, 41, 42]. Since 

osteoclast differentiation is regulated by osteoblasts through production of RANKL 

and OPG, the osteoclast precursor (BMs or macrophages)-osteoblast precursor co-

culture has been used as a representative in vitro model to mimic dynamic in vivo 

conditions in the bone microenvironment [43]. In the co-culture system, osteoclast 

differentiation is enhanced by bacterial lipoproteins, LPS, flagellin, and CpG motif 

though up-regulation of RANKL with down-regulation of OPG in osteoblasts [31, 

42, 44, 45]. Indeed, previous reports have demonstrated that bacterial lipoproteins 

and LPS augment bone loss in vivo [42, 46]. Therefore, it is crucial for examination 

of the effect of MAMPs on osteoclastogenesis and bone metabolism with various in 

vitro systems and verification of the result with in vitro through in vivo experiments. 
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Table 2. Effect of MAMPs on osteoclastogenesis and bone resorption 

MAMPs 

In vitro (osteoclastogenesis) in vivo 

Ref. 
Macrophages 

Committed 

osteoclast 

precursors 

Osteoblast/ 

osteoclast 

coculture 

Bone loss 

TLR2 ligand LTA ↓ unknown unknown unknown [47] 

TLR2/6 or 

TLR1/2 ligand 
lipoproteins ↓ ↑ ↑ ↑ [42, 

48] 

TLR2 ligand PGN ↓ ↑ unknown unknown [30, 

49] 

TLR4 ligand LPS ↓ ↑ ↑ ↑ 
[30, 

31, 

46] 

TLR3 ligand 
dsRNA 

Poly(I:C) 
↓ unknown unknown unknown [30] 

TLR5 ligand Flagellin ↓ No effect ↑ unknown [45] 

TLR7 ligand 
ssRNAs 

R848 
↓ unknown ↓ unknown [50] 

TLR9 ligand 

CpG motif of 

unmethylated 

DNA 

↓ ↑ ↑ unknown 
[30, 

41, 

44] 
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2.3. LTA 

Gram-positive bacteria are often associated with bacterial bone and joint diseases. 

Remarkably, S. aureus is clinically responsible for 80–90% of pyogenic 

osteomyelitis accompanying the excessive bone destruction [12]. Upon bacterial 

infection, its ability to cause inflammatory bone disease depends on the potency of 

adherence to bone tissue, induction of inflammation, and disruption of the balance 

between osteoclasts and osteoblasts, all of which are affected by MAMPs expressed 

on the cell wall of Gram-positive bacteria such as LTA, lipoproteins, and PGN. 

Among MAMPs, LTA of Gram-positive bacteria is considered as the counterpart of 

LPS of Gram-negative bacteria because of structural similarities and inflammatory 

potential in that (i) LTA is composed of hydrophobic glycolipid and hydrophilic 

polysaccharide as LPS [51] and (ii) both LPS and LTA can induce the production of 

inflammatory mediators such as TNF-α and iNOS [52]. However, LTA differs from 

LPS in that (i) D-alanine and lipid moieties of LTA are important for the immune 

responses, while LPS contains lipid A which is essential for immunological 

properties, (ii) LTA is sensed mostly by TLR2, while LPS is recognized by TLR4 

[39], and (iii) LTA alone cannot induce septic shock, while LPS is sufficient to do 

so [53]. Despite its importance, LTA has received less attention than LPS because 

commercially available LTA preparations often contained structurally damaged LTA 

and/or biologically active impurities including LPS [51, 54]. Therefore, it is 

necessary to investigate the effect of LTA on osteoclastogenesis using highly pure 

and structurally intact LTA to clearly understand the regulation of bone metabolism 

by Gram-positive bacterial infection. 
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 3.  Adipokines and adiponectin 

3.1. Adipokines 

   Adipokines, protein hormones primarily secreted from adipocytes, are classified 

into two groups: anti-inflammatory and inflammatory adipokines [55-57]. The anti-

inflammatory adipokines, such as adiponectin and omentin-1, are abundantly 

expressed under physiological conditions but slightly expressed by increasing 

adiposity [55]. Anti-inflammatory adipokines inhibit production of pro-

inflammatory cytokines contributing to immune suppression [55]. In contrast, most 

adipokines belong to the inflammatory adipokines including leptin, resistin, and 

chemerin [57]. The inflammatory adipokines are highly induced by increasing 

adiposity and play important roles in the development of chronic inflammation 

leading to metabolic syndrome such as obesity and diabetes [57]. Besides their 

immunological functions, the anti-inflammatory and inflammatory adipokines are 

able to modulate lipid metabolism as shown that adiponectin, omentin-1, and leptin 

except chemerin inhibit adipocyte differentiation [58, 59]. Indeed, the adipokines 

have been reported to affect bone metabolism because their receptors are expressed 

on osteoclasts, osteoblasts, and their precursors [60]. As summarized in Table 3, 

leptin is known to inhibit osteoclast differentiation [61, 62] and to promote 

osteoblast differentiation [63]. In contrast, chemerin induces osteoclast 

differentiation but attenuates osteoblast differentiation [64, 65]. Omentin-1 inhibits 

differentiation of both osteoclasts and osteoblasts [66]. 
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Table 3. Effect of adipokines on bone metabolism 

Adipokines Source(s) Receptor(s) Bone metabolism Ref. 

Leptin Adipocytes 
Leptin 

receptor 

Osteoblast ↑ 

Osteoclast ↓ 

Bone mass↑ 

[59] 

[61] 

[67] 

Resistin 
PBMCs 

Adipocytes 

Adenylyl 

Cyclase-

Associated 

Protein 1 

Osteoblast ↑ (weak) 

Osteoclast ↑ 

[68] 

Chemerin Adipocytes Unknown 
Osteoblast ↑ 

Osteoclast ↓ 

[64, 

65] 

Adiponectin Adipocytes 
AdipoR1 

AdipoR2 

Osteoblast ↑ 

Osteoclast (controversial) 

Bone mass (controversial) 

[69-74] 

Omentin-1 
Stromal 

vascular 

cells  

Unknown 

Osteoblast ↓ 

Osteoclast (no effect on M-

CSF/RANKL-induced 

osteoclastogenesis) 

Osteoclast ↓ (in osteoblast-

osteoclast coculture system) 

[66] 

 

 



15 

3.2. Adiponectin 

Among adipokines, adiponectin is considered to be a crucial factor capable of 

controlling metabolic processes as shown in hypoadiponectinemia is one of risk 

factors for developing metabolic syndrome [75]. In addition, adiponectin has been 

suggested to be a crucial mediator in osteoporosis accompanying increased bone 

marrow adiposity, because its production is decreased by increasing adiposity. 

Adiponectin was reported to induce osteoblast differentiation but to inhibit 

osteoclast differentiation [70, 76, 77]. In addition, adiponectin-administered mice 

showed increased bone mass by attenuating bone resorption and promoting bone 

formation [78]. However, previous studies have shown that adiponectin-deficient 

mice exhibited normal bone mass [71, 72], except a slight increase of bone mass in 

a certain age [72], or showed increased bone mass in young mice but decreased 

bone mass in aged mice [73]. Accordingly, the precise role of adiponectin in bone 

metabolism is still controversial. 

 

4. Aims of this study 

Understanding the regulation of osteoclastogenesis is required for an efficient 

treatment or prevention of the bone diseases accompanying excessive 

osteoclastogenesis such as bacteria-induced bone diseases and osteoporosis. Thus, it 

is important to identify the molecular targets controlling osteoclastogenesis and to 

characterize their regulatory mechanisms for osteoclastogenesis. The aim of the 

present study is to investigate the roles of LTA and adiponectin in 

osteoclastogenesis and the underlying molecular mechanisms. Under the research 

aim, (i) the effect of LTA on osteoclastogenesis was investigated using both LTA-

deficient S. aureus mutant strain and LTA isolated from S. aureus, and the action 

mechanisms were further elucidated. Also, (ii) the effect of adiponectin on bone 

metabolism was investigated using adiponectin-deficient mice and the action 

mechanisms were further investigated. 
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Chapter II. Materials and Methods 

 

1. Reagents and chemicals 

 Recombinant murine M-CSF, GM-CSF, and RANKL, IL-10, and IFN-γ were 

obtained from PeproTech (Rocky Hill, NJ, USA). Recombinant murine IL-4 and 

commercial ELISA kits were obtained from R&D Systems (Minneapolis, MN, 

USA). Pam2CSK4 and ultrapure E. coli O111:B4 LPS were obtained from 

Invivogen (San Diego, CA, USA). Murine alpha-minimum essential medium (α-

MEM), certified fetal bovine serum (FBS), Hanks' Balanced Salt solution (HBSS), 

and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) were obtained 

from Gibco-BRL (Grand Island, NY, USA). Ascorbic acid free α-MEM was 

purchased from Welgene (Daegu, Republic of Korea). An osteoclast activity assay 

substrate (OAAS) and osteo assay 96-well plates were purchased from Osteogenic 

Core Technologies (Chunan, Korea) and Corning Inc. (Corning, NY, USA), 

respectively. Fluorescein isothiocyanate (FITC)-conjugated Dextran (MW 40,000) 

was obtained from Molecular Probes (Eugene, OR, USA). BCA protein assay kit 

was purchased from Pierce (Rockford, IL, USA). Fluorescent dye-conjugated 

antibodies and isotype antibodies were purchased from BioLegends (San Diego, CA, 

USA) unless otherwise indicated. Specific antibodies used for flow cytometry 

analysis were as follows: purified rat anti-mouse CD16/CD32 antibody, rat 

allophycocyanin (APC)-conjugated anti-mouse c-Fms antibody, rat phycoerythrin 

(PE)-conjugated anti-mouse RANK antibody, rat FITC-conjugated anti-mouse 

CD11b antibody, rat peridinin Chlorophyll Protein Complex (PerCP)-conjugated 

anti-mouse F4/80 antibody, armenian hamster PE-conjugated anti-mouse CD3ε 

antibody, rat PE-conjugated anti-mouse CD45R/B220 antibody, and rat FITC-

conjugated anti-mouse CD14 antibody. Rat PE-conjugated anti-mouse TLR2 

antibody was obtained from eBioscience (San Diego, CA, USA). Antibodies 

specific to IRF-5 and TREM-2 were obtained from Abcam (Cambridge, UK). 

Fluorescent dye-conjugated isotype antibodies were used FITC-conjugated rat 
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immunoglobulin (Ig) G2a,κ antibody, FITC-conjugated rat IgG2b,κ antibody, PE-

conjugated rat IgG2a,κ antibody, PE-conjugated rat IgG2b,κ antibody, PE-conjugated 

armeninan hamster IgG antibody, PerCP-conjugated armeninan hamster IgG 

antibody, PerCP-conjugated rat IgG2a,κ antibody, PerCP-conjugated rat IgG2b,κ 

antibody, and APC-conjugated armeninan hamster IgG antibody. For Western blot 

analysis, phosphorylated and non-phosphorylated forms of primary antibodies (p38 

kinase, EKR, JNK, and CREB) were obtained from Cell Signaling Technology 

(Beverly, MA, USA). Antibodies specific to NFATc1 and c-Fos were purchased 

from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Horseradish peroxidase 

(HRP)-conjugated secondary antibodies specific to mouse IgG, rabbit IgG, and goat 

IgG were purchased from SouthernBiotech (New Orleans, LA, USA). Trizol reagent, 

Alexa Fluor 488-conjugated phalloidin, Hoechst 33258, fluo-4 acetoxymethyl (AM), 

pluronic acid F127, and probenecid were obtained from Molecular probe (Carlsbad, 

Ca, USA). PRO-PREP was obtained from Intron Biotechnology (Seoul, Korea), and 

skim milk and mouse anti-gelsolin antibody were purchased from BD Biosciences 

(Sparks, MD, USA). Protein G agarose and polyvinylidene difluoride (PVDF) 

membranes were obtained from Millipore (Bedford, MA, USA). ECL Plus reagent 

was obtained from Neuronex (Pohang, Republic of Korea). [γ-32P]-dATP was 

purchased from Perkin Elmer (Waltham, MA, USA). Non-Idet P40 and dispase 

were obtained from Roche Applied Science (Mannheim, Germany). Type I 

collagenase and 1α,25-dihydroxyvitamin D3 were purchased from Wako Pure 

Chemical (Osaka, Japan) and Enzo life science (Farmingdale, NY, USA), 

respectively. Sodium dodecyl sulfate (SDS), Tween-20, and bovine serum albumin 

(BSA) were obtained from Amresco (Solon, OH, USA). Red blood cell (RBC) 

lysing buffer, ascorbic acid, β-glycerophosphate, dexamethasone, insulin, 3-

isobutyl-1-Methylxanthine (IBMX), a leukocyte acid phosphatase-staining kit, a 

leukocyte alkaline phosphatase kit, 3-[4,5-dimethylthiazol-2-yl]-2,5-

diphenyltetrazolium bromide (MTT), and antibody specific to β-actin were obtained 

from Sigma-Aldrich Inc. (MO, USA). 
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2. Experimental animals 

 All experiments were approved by the institutional Animal Care and Use 

Committee of Seoul National University. Six- to twelve-week-old C57BL/6 mice 

were purchased from Orient Bio (Seongnam, Korea) and housed with food and 

water under specific pathogen-free conditions. TLR2-deficient, MyD88-deficient, 

and adiponectin-deficient mice on the C57BL/6 background were used in some 

experiments. Dr. Shizuo Akira, of Osaka University, Osaka, Japan, kindly provided 

the TLR2- or MyD88-deficient mice. Adiponectin-deficient mice were kindly 

provided by Dr. Young Yang, of Sook Myung University, Seoul, Korea.  

 

3. Preparation of ethanol-inactivated S. aureus 

 S. aureus RN4220, LTA-deficient mutant (ΔltaS), and its complementary strain 

(∆ltaS strain containing a plasmid harboring the ltaS gene, pSltaS) were kindly 

provided by Dr. Bok Luel Lee (Pusan National University, Busan, Korea). S. aureus 

RN4220 was grown in Luria-Bertani (LB) media as a parent strain, whereas ΔltaS 

and pSltaS strain were grown in LB media containing 50 µg/ml of kanamycin. S. 

aureus RN4220 were incubated at 37°C with shaking at 200 rpm until mid-log 

phase (A600, 0.6), whereas ΔltaS and pSltaS was incubated at 30°C because of 

temperature sensitivity [79]. Bacteria were incubated with at 180 rpm for 18 h, 

harvested, and washed three times with phosphate-buffered saline (PBS). The 

bacterial cells were inactivated with 70% ethanol in PBS at room temperature with 

vigorous shaking for 2 h. After extensive washing of bacterial cell pellets, the 

complete inactivation was confirmed by plating and culturing onto a LB agar plate 

at 37°C for 24 h. No bacterial colony was observed on the plate. 

 

4. Preparation of LTA 

Highly pure and structurally intact LTA was isolated from S. aureus ATCC 29213, 

Bacillus subtilis ATCC6633 (American Type Culture Collection, Manassas, VA, 

USA), and Lactobacillus plantarum KCTC 10887BP (Korean Collection for Type 
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Culture, Daejeon, Korea) as described previously [80]. Briefly, bacteria were 

disrupted in 0.1 M sodium citrate buffer (pH 4.7) by ultrasonification. LTA-

containing fractions were isolated by N-butanol extraction followed by 

chromatography with octyl-Sepharose column CL-4B and DEAE-Sepharose 

FastFlow column. Structural identity of LTA was confirmed using high-field nuclear 

magnetic resonance and MALDI-TOF mass spectrometry. The purified LTA was not 

contaminated with endotoxins, proteins, or nucleic acids. 

 

5. Cells 

5.1. M-CSF/RANKL-mediated osteoclast differentiation from 

macrophages  

Six- to fourteen-week-old mice were used for preparation of macrophages as 

osteoclast precursors. Bone marrow cells (BMs) were obtained by flushing the 

marrow space of tibiae and femurs from mice with PBS. After removal of RBC with 

RBC lysing buffer, the BMs at 2 × 106 cells/ml were plated in 5 ml/dish on a 90 mm 

petri dish and incubated in α-MEM supplemented with 10% heat-inactivated FBS, 

100 U/ml of penicillin, and 100 μg/ml of streptomycin in a humidified incubator at 

37°C with 5% CO2 overnight. Non-adherent cells (stroma-free BMs) were harvested, 

plated in 10 ml/dish on a 90 mm petri dish at 5 × 105 cells/ml, and then further 

incubated with 10 ng/ml of GM-CSF for M1 macrophages or 20 ng/ml of M-CSF 

for M2 macrophages for 5 days. Bone marrow-derived macrophages (BMMs) were 

used as osteoclast precursors. In some experiments, BMMs differentiated with M-

CSF at 1.5 × 104 cells/ml were plated in 200 μl/well on a 96-well culture plate and 

incubated further incubated with 100 ng/ml of LPS plus 20 ng/ml of IFN-γ for M1 

or with 20 ng/ml of IL-4 or 20 ng/ml of IL-10 for M2 macrophages in the presence 

of 20 ng/ml of M-CSF for 24 h. For preparation of peritoneal macrophages, 

peritoneal cells were isolated from peritoneal cavity by injecting with 5 ml of ice-

cold PBS and retrieving from wild-type and adiponectin-deficient mice. The cells 

were plated on a 90 mm petri dish, incubated for 2 h, and then adherent cells as 

peritoneal macrophages were harvested. For osteoclast differentiation, macrophages 
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at 1.5 × 105 cells/ml were plated in 200 μl/well on a 96-well culture plate and 

further incubated with 20 ng/ml of M-CSF and 40 ng/ml of RANKL for 2-3 days. 

 

5.2. Osteoclast differentiation from committed osteoclast precursors  

For preparation of committed osteoclast precursors, stroma-free BMs were 

incubated with 20 ng/ml of M-CSF for 5 days. BMMs were further incubated with 

20 ng/ml of M-CSF and 40 ng/ml of RANKL for 30-40 h. After washing with 

culture media, the committed osteoclast precursors at 1.5 × 105 cells/ml were plated 

in 200 μl/well on a 96-well culture plate and stimulated with 100 µg/ml of 

inactivated bacteria, 30 µg/ml of LTA, 1 µg/ml of LPS, 0.1 µg/ml of Pam2CSK4, 

0.2 µg/ml of TNF-α, or 0.1 µg/ml of RANKL in the presence of 20 ng/ml of M-CSF 

for 24 h. 

 

5.3. Isolation of calvarial osteoblast precursors 

The calvaria were obtained from 1-day-old mice and digested in 5 ml of L-

ascorbic acid-free α-MEM culture medium containing 0.1% type I collagens and 0.2% 

dispase for 15 min at 37°C with vigorous shaking. After repeating the digestion 

procedure six times, the cells isolated by the all digestions except first time were 

combined and filtered with a tissue strainer. The collected cells were plated in 10 

ml/dish on a 100 mm dish at 5 × 104 cells/ml and incubated for 3 days. Adherent 

cells were harvested and then kept frozen until use. 

 

5.4. Osteoclast differentiation by co-culture of osteoblast precursors with 

osteoclast precursors 

Calvarial osteoblast precursors at 2.5 × 104 cells/ml were plated in 400 μl/well on 

a 48-well culture plate and incubated for 6 h. Then, M-CSF-induced BMMs at 2.5 × 

105 cells/ml were added and co-cultured with 50 nM 1α,25-dihydroxyvitamin D3 for 

7 days. The media were half changed with fresh culture medium containing 50 nM 

1α,25-dihydroxyvitamin D3, every 3 days. 
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5.5. Differentiation of calvarial cells into osteoblasts or adipocytes 

Calvarial cells at 3 × 104 cells/ml were plated in 400 μ/well on a 48-well culture 

plate and grown until fully confluent in ascorbic acid free-α-MEM. The cells were 

incubated with osteoblast induction medium (50 μM ascorbic acid and 10 mM β-

glycerophosphate) or adipocyte induction medium (1 μM dexamethasone, 0.5 mM 

IBMX, and 5 μg/ml of insulin) for 7 to 21 days. The media were half changed with 

fresh media containing the differentiation factors, every 3 days. 

 

6. Cell staining 

6.1. TRAP staining 

Osteoclast differentiation was verified by staining for TRAP, a marker of 

osteoclasts. Cells were fixed with a fixative solution containing 26% citrate, 66% 

acetone, and 8% formaldehyde for 2 min and washed with distilled water two times. 

Then, the fixed cells were stained with the leukocyte acid phosphatase staining kit 

following the manufacturer’s instructions. TRAP-positive and MNCs with three or 

more nuclei (TRAP-positive MNCs) were enumerated as mature osteoclasts under 

an inverted-phase-contrast microscope (Olympus CKX41, Japan) [81]. 

 

6.2. Alkaline phosphatase (ALP) staining 

Osteoblast differentiation was verified by staining for ALP. At day 7 after the 

initial incubation with osteoblast induction medium, calvarial cells were fixed with 

a fixative solution for 2 min, washed, and stained with the ALP staining kit 

following the manufacturer’s instructions. Images of the stained cells were obtained 

with an inverted phase-contrast microscope. 

 

6.3. Alizarin Red S staining 

Alizarin Red S staining was performed to determine an ability of calcium 

deposits as osteoblast function. After 21 days from the initial incubation with 

osteoblast induction medium, calvarial cells were fixed with 4% paraformaldehyde 

for 30 min, washed, and then stained with 2% alizarin red S (pH 4.2) for 45 min. 
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Images of the stained cells were obtained with an inverted phase-contrast 

microscope. To quantify Alizarin Red S, its precipitate was dissolved in 20% 

methanol and 10% acetic acid for 15 min, and then an absorbance was measured at 

450 nm using a microtiter plate reader (Versa-Max, Molecular Devices, Sunnyvale, 

CA, USA). 

 

6.4. Oil Red O staining 

 Oil Red O staining was performed to determine adipocyte differentiation. At day 

21 after the initial incubation with adipocyte induction medium, calvarial cells were 

fixed with 4% paraformaldehyde for 30 min, washed, and stained 0.3% Oil Red O 

for 1 h. Images of the stained cells were obtained with an inverted phase-contrast 

microscope. To quantify Oil Red O, its lipid droplet was dissolved in isopropanol 

for 15 min and measured by spectrophotometric analysis at 500 nm. 

 

7. In vitro bone resorption assay  

 BMMs at 2.5 × 105 cells/ml were plated in 200 μl/well on a 96-well calcium 

phosphate-coated culture plate and incubated with 20 ng/ml of M-CSF and 40 ng/ml 

of RANKL for 2 days to prepare committed osteoclast precursors or 4 days to 

differentiate to osteoclasts. Committed osteoclast precursors were washed with 

culture media and stimulated with 30 µg/ml of LTA and/or 0.1 µg/ml of Pam2CSK4 

in the presence of 20 ng/ml of M-CSF for 4 days. To lyse the cells, the calcium 

phosphate-coated plate was treated with 5% sodium hypochlorite for 10 min, 

washed with distilled water, and dried. The resorbed pit area was photographed 

using an inverted phase-contrast microscope and measured using ImageJ software 

(version1.44; National Institutes of Health, USA). 

 

8. Micro-computed tomography (micro-CT) analysis 

The femurs were isolated from ten- to fourteen-week-old mice and scanned by a 

high-resolution micro-CT at 7 µm resolution (Skyscan1172 scanner; Skyscan, 

Kontich, Belgium). Scanned images were reconstructed by an NRecron program 
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(Skyscan) and analyzed using Dataviewer 1.3.2 program (Skyscan) followed by a 

CT-analyzer program (Skyscan). Bone parameters were analyzed in 1 mm region in 

length, starting from 0.5 mm below the distal femoral growth plate, to determine 

trabecular bone volume, trabecular number, trabecular thickness, and trabecular 

separation. In a separate experiment, the calvaria were subjected to micro-CT at 12 

µm resolution and bone volume was analyzed in 3 mm diameter circle centered on 

an anterior fontanelle using the CT-analyzer program. Three dimensional images of 

the femurs and the calvaria were obtained using a CT-vol program (Skyscan). 

 

9. Bone histomorphometric analysis 

The femurs were fixed in 4% formalin for 7 days and then decalcified with 10% 

ethylenediaminetetraacetic acid (EDTA) for 15 days. Preparation of 5 µm paraffin-

embedded tissue section was performed at the Clinical Research Institute of Seoul 

National University Hospital (Seoul, Korea). After TRAP- and hematoxylin and 

eosin (H&E) staining, bone histomorphometry of the femurs was analyzed with 

Osteomeasure software (Osteometrics, Decatur, GA, USA). 

 

10. In vivo bone resorption assay 

10.1. Trabecular bone resorption assay 

Six- to fourteen-week-old mice were used for the experiments. Mice were 

intraperitoneally administered with 20 μg per mouse of GST-RANKL or 4 mg per 

mouse of inactivated bacteria, twice a four-day interval. At day 7, right femur was 

isolated, scanned with the micro-CT, and analyzed with the CT-analyzer program. 

 

10.2. Calvarial bone resorption assay 

Six- to eleven-week-old mice were used for the experiments. After intraperitoneal 

administration of avertin in 2-methyl-2-butanol for mouse anesthesia, mouse 

calvaria were implanted with a collagen sheet containing RANKL (5 μg per mouse), 

S. aureus LTA (20, 100, or 500 μg per mouse), Pam2CSK4 (5 μg per mouse), or S. 

aureus LTA (100 μg per mouse) plus Pam2CSK4 (5 μg per mouse). At day 7, the 
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calvaria were isolated, scanned using the micro-CT, and analyzed by the CT-

analyzer program. 

 

11. Measurement of cell viability 

BMMs at 1.5 × 105 cells/ml were plated in 200 μl/well on a 96-well culture plate 

and incubated with 20 ng/ml of M-CSF and 20 ng/ml of RANKL in the presence or 

absence of S. aureus LTA for 2-3 days. The cells were incubated with 0.5 mg/ml of 

MTT solution at 37°C for 60 min. After removal of the MTT-containing medium, 

the cells were dissolved in dimethyl sulfoxide (DMSO), and the absorbance at 570 

and 650 nm was measured using a microtiter plate reader. 

 

12. Flow cytometric analysis 

All cells were pre-incubated with purified rat anti-mouse CD16/CD32 antibody 

to block Fc receptors for 15 min on ice prior to antibodies staining. Whole BMs 

were stained with FITC-conjugated anti-mouse CD11b antibody, PE-conjugated 

anti-mouse CD3ε antibody, and PE-conjugated anti-mouse B220 antibody for 30 

min on ice. BMMs or committed osteoclast precursors were stained with FITC-

conjugated rat anti-mouse CD14 antibody, PE-conjugated rat anti-mouse TLR2, 

APC-conjugated anti-mouse c-Fms antibody, PE-conjugated anti-mouse RANK 

antibody, or anti-TREM2 antibody, followed by Cy3-conjugated anti-goat IgG, for 

30 min on ice. The stained cells were washed three times with ice-cold wash buffer 

(PBS containing 0.1% BSA), harvested, and fixed with 1% paraformaldehyde. The 

changes in the expression of cell surface molecules were analyzed using 

FACSCalibur with CellQuest Pro software (BD Biosciences, San Jose, CA, USA). 

All flow cytometric data were analyzed and plotted with FlowJo software (Tree Star, 

Ashland, OR, USA). 
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13. Endocytic activity assay 

Cells were incubated with 1 mg/ml of Dextran-FITC (MW 40,000) for 30 min at 

37°C or 4°C. The cells were washed with an ice-cold wash buffer (PBS containing 

0.1% BSA), harvested, and fixed with 1% paraformaldehyde in PBS. The uptake of 

FITC-conjugated Dextran was measured using a flow cytometer with CellQuest Pro 

software. All flow cytometric data were analyzed and plotted with FlowJo software. 

The actual uptake was determined as the mean fluorescence intensity (MFI) of cells 

incubated at 37°C minus the MFI of cells incubated at 4°C. 

 

14. Western blotting 

 To determine phosphorylated and non-phosphorylated form of MAPKs or CREB, 

BMMs at 5 × 105 cells/ml were plated in 4 ml/dish on a 60 mm culture dish and 

serum-deprived for 3-4 h. Then the cells were stimulated with 100 ng/ml of 

RANKL for 0, 5, 15, or 30 min. In a separate experiment, the serum-deprived 

BMMs were pre-treated with 30 µg/ml of S. aureus LTA for 30 min and then 

stimulated with 200 ng/ml of M-CSF or 200 ng/ml of RANKL for 0, 5, 15, or 30 

min. In other experiments, committed osteoclast precursors were serum-deprived 

for 4 h and then stimulated with 30 µg/ml of S. aureus LTA in the presence or 

absence of 0.1 µg/ml of Pam2CSK4 for 0, 15, 30, or 60 min. To determine c-Fos, 

NFATc1, or CREB, BMMs at 5 × 105 cells/ml were plated in 4 ml/dish on a 60 mm 

culture dish and incubated with 20 ng/ml of M-CSF and 100 ng/ml of RANKL for 1 

or 2 day(s). The cells were washed with ice-cold PBS and lysed with HEPES lysis 

buffer (25 mM HEPES, pH 7.5, 150 mM NaCl, 1% Non-Idet P-40, 0.25% sodium 

deoxycholate, 10% glycerol) or PRO-PREP protein extraction solution containing 

protease inhibitors (1 μg/ml of aprotinin, 1 μg/ml of leupeptin, 1 mM AEBSF, and 2 

mM PMSF) plus phosphatase inhibitors (2 mM Na3VO4 and 2 mM NaF). The 

whole cell lysates were centrifuged at 13,000 × g for 30 min at 4°C, and the 

supernatants were collected. In some experiments, to prepare cytoplasmic extracts 

and nuclear extracts, the cells were lysed with hypotonic buffer (10 mM HEPES and 

1.5 mM MgCl2, pH 7.5) containing protease inhibitors and phosphatase inhibitors at 
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4°C for 15 min. After centrifugation at 5,000 × g for 5 min, and then the 

supernatants were used as the cytoplasmic extracts. The remained nuclei pellets 

were washed and lysed using hypertonic buffer (20 mM HEPES, 1.5 mM MgCl2, 

500 mM KCl, 0.3 Mm EDTA, 10% glycerol, 0.2 mM DTT, 0.1% Non-Idet P40) 

containing protease inhibitors and phosphatase inhibitors at 4°C for 40 min with 

vigorous agitation. Nuclear supernatants were prepared by centrifugation at 14, 500 

× g for 20 min at 4°C. The protein concentration was determined using a BCA 

protein assay kit. Cell lysates were separated by 6 to 10% SDS-PAGE and 

transferred onto PVDF membranes. After blocking with 5% skim milk in Tris-

buffered saline (pH 7.4, 0.2 M Tris, 27 mM KCl, and 1.37 M NaCl) containing 0.1% 

Tween-20, the memranes were probed with specific antibodies and developed for 

analysis using ECL Plus reagents. 

 

15. Immunoprecipitation 

Cells were washed with ice-cold PBS and lysed in HEPES lysis buffer with 

protease inhibitors and phosphatase inhibitors. Whole cell lysates containing 150 µg 

of protein were immunoprecipitated with the anti-gelsolin antibody for 12 h 

followed by further incubation with protein G-agarose beads for 2 h at 4°C with 

vigorous agitation. After discarding the supernatants, the agarose beads were 

washed three times with HEPES lysis buffer, and then bead-bound proteins were 

separated by 8% SDS-PAGE. Gel proteins were transferred onto PVDF membranes. 

After blocking with 5% skim milk in TBST, the membranes were probed with 

antibody specific to β-actin and developed for analysis using ECL Plus reagents. 

 

16. Electrophoretic mobility shift assay (EMSA) 

BMMs at 5 × 105 cells/ml were plated in 4 ml/dish on a 60 mm culture dish. The 

BMMs were incubated with 20 ng/ml of M-CSF and 100 ng/ml of RANKL for 1 or 

2 day(s). In a separate experiment, The BMMs were serum-starved for 4 h, pre-

treated with S. aureus LTA at 0, 0.1, 1, or 10 μg/ml for 30 min, and stimulated with 
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20 ng/ml of M-CSF and 20 ng/ml of RANKL for 90 min. In other experiments, 

committed osteoclast precursors were stimulated with 30 μg/ml of S. aureus LTA 

and/or 0.1 μg/ml of Pam2CSK4 in the presence of 20 ng/ml of M-CSF for 12 or 24 

h. To prepare nuclear extracts, the cells were lysed with hypotonic buffer containing 

1 mM PMSF and 1 μg/ml of each aprotinin and leupeptin at 4°C for 15 min. After 

centrifugation at 5,000 × g for 5 min at 4°C, nuclei pellets were lysed using 

hypertonic buffer containing 1 mM PMSF and 1 μg/ml of each aprotinin and 

leupeptin at 4°C for 40 min with vigorous agitation. Nuclear supernatants were 

prepared by centrifugation at 14, 500 × g for 30 min at 4°C and the protein 

concentration was determined using the BCA protein assay kit. A double-stranded 

deoxyoligonucleotide was prepared by annealing of an oligonucleotide containing 

consensus recognition sites for activator protein 1 (AP-1) (5'-

CGCTTGATGACTCAGCCGGAA-3'), NFAT (5'-

CTGTATGAAACAAATTTTCCTCTTTGGGC-3'), or NFATc1 (5'-

CGCCCAAAGAGGAAAATTTGTTTCATA-3') at 4°C for 40 min, and labeled 

with a [γ-32P]-dATP at 37°C for 1 h. Seven μg of nuclear extracts were incubated 

with 1 μg poly (dI-dC) and 1 pmol 32P-labeled DNA probe in binding buffer (20 

mM HEPES, 1.5 mM MgCl2, 0.3 mM EDTA, 10% glycerol, 0.2 mM DTT, 0.1% 

Non-Idet P40) containing 1 mM PMSF and 1 μg/ml of each aprotinin and leupeptin 

for 15 min on ice. Nuclear protein/DNA binding complexes were separated from 

free probe using a 5% polyacrylamide gel in Tris-Glycine-EDTA (TGE) buffer (250 

mM Tris, 1,920 mM Glycine, and 10 mM EDTA, pH 8.5). To confirm specific 

binding, one pmole of unlabeled probe was used as a cold competitor. After 

electrophoresis, the gel was dried and subjected to autoradiography. 

 

17. Immunofluorescence 

BMMs at 6 × 105 cells/ml were plated in 0.5 ml/well on 12 mm glass coverslips 

in a 24-well culture plate and incubated with 20 ng/ml of M-CSF and 100 ng/ml of 

RANKL for 4 days. In a separate experiment, committed osteoclast precursors were 

incubated with 200 µg/ml of inactivated bacteria, 30 µg/ml of S. aureus LTA, and/or 
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0.1 µg/ml of Pam2CSK4 in the presence of 20 ng/ml of M-CSF for 2 days. The 

cells were fixed with 4% formaldehyde for 20 min, permeabilized with 0.25% 

Triton X-100 for 15 min, and then blocked with 1% BSA for 1 h. Actin was stained 

with Alexa Fluor 488-conjugated phalloidin for 1 h and the nuclei were 

counterstained with Hoechst 33258 for 2 min. In some experiments, the stained 

BMMs were further incubated with anti-IRF5 antibody at 4°C for overnight 

followed by Cy3-conjugated anti-mouse IgG for 1 h. After further washing, the 

coverslips were mounted and the stained cells were observed by Zeiss LSM 700 

confocal fluorescence microscope (Carl Zeiss, Oberkochen, Germany). 

 

18. Enzyme-linked immunosorbent assay (ELISA) 

BMMs at 1.25 × 105 cells/ml were plated in 200 μl/well on a 96-well culture plate 

and stimulated with S. aureus LTA in the presence of 20 ng/ml of M-CSF and 20 

ng/ml of RANKL for 24 and 48 h. In a separate experiment, macrophages at 5 × 105 

cells/ml were plated in 200 μl/well on a 96-well culture plate and stimulated with 

0.1 µg/ml of LPS in the presence of 20 ng/ml M-CSF for 24 h. Bone marrow 

extracellular fluids were obtained by sequentially flushing both tibiae with 500 μl of 

ice-cold PBS and harvesting supernatant after centrifugation at 13,000 × g for 15 

min at 4°C. Sera were separated from blood by centrifugation at 13,000 × g for 15 

min at 4°C. The amounts of adiponectin, TNF-α, IL-6, IL-10, RANKL, or OPG in 

the culture supernatants, sera, or bone marrow extracellular fluids were determined 

using commercial ELISA kits according to the manufacturer’s instruction. 

 

19. Reverse transcription-polymerase chain reaction (RT-PCR) 

Total RNAs were extracted from cells with Trizol reagent, and reversed-

transcribed with random hexamers (Promega Corporation, Madison, WI, USA). An 

equal amount of cDNA was subjected to PCR in 20 μl using EmeraldAmp PCR 

Master Mix (TaKaRa Bio Inc., Otsu, Shiga, Japan) and 10 pmol of specific primers. 

For amplification, cDNA was initially denatured at 94°C for 5 min. It was then 

amplified for 30-35 cycles at 95°C for 40 s, 58-62°C for 40 s, and 72°C for 40 s. 
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The PCR was completed with a final extension at 72°C for 5 min. An equal volume 

of PCR products was separated on a 1.5% agarose gel and visualized by ethidium 

bromide staining with a gel documentation system (Bio-Capt X-press, Vilber-

Lourmat, Marne La Vallee, France). Specific primers used in this study were BSP, 

OCN, ALP, IL-1β, IL-6, CD36, argianse I, and β-actin as follow: BSP: 5'-GTCAAC 

GGCACCAGCACCAA-3', 5'-GTAGCTGTATTCGTCCTCAT-3'; OCN: 5'-

TCTGACAAACCTTCATGTCC-3', 5'-AAATAGTGATACCGTAGATGCG-3'; ALP: 

5'-GCCCTCTCCAAGACATATA-3', 5'-CCATGATCACGTCGATATCC-3'; IL-1β: 

5'-AAGCTCTCACCTCAATGGA-3', 5'-TGCTTGAGAGGTGCTGATGT-3'; IL-6: 

5'-GGAAATTGGGGTAGGAAGGA-3', 5'-CCGGAGAGGAGACTTCACAG-3'; 

CD36: 5'-TGCTGCACGAGGAGAATGGGC-3', 5'-

ACAGTGTGGTCCTCGGGGTCC-3'; arginase 1: 5'-

GGCGTGGCCAGAGATGCTTCC-3', 5'-GTCCTGAGTTGCACCGAGCCG-3'; 

IL-1β: 5'-GTGGGGCGCCCCAGGCACCA-3', 5'-

CTCCTTAATGTCACGCACGATTTC-3'. 

 

20. Measurement of intracellular calcium and oscillation 

Stroma-free BMs were suspended at 5 × 105 cells/ml, and BMMs at 5 × 105 

cells/ml were plated onto a coverslip in a 30 mm culture dish and incubated with 20 

ng/ml of M-CSF and 100 ng/ml of RANKL for 2 days. The cells were loaded with 3 

µM fluo-4 AM, 0.02% pluronic acid F127, and 1 mM probenecid at 37°C for 30 

min, washed three times with HBSS, and then additionally incubated for 30 min at 

room temperature. The stained stroma-free BMs were plated onto a glass coverslip a 

30 mm culture dish at 5 × 105 cells/ml. The coverslip was transferred to a perfusion 

chamber, and the cells were perfused with HBSS and excited at 488 nm. The 

emission at 530 nm was detected with an interval of 5 s for 5 min using confocal 

laser-scanning microscope (Olympus FV-300). The maximum fluorescence 

intensity of cytosolic calcium was obtained by stimulation with 5 µM ionomycin at 

the end of each experiment. For quantitative analysis of calcium oscillation, the 

fluorescence intensity was analyzed in single cell using fluoview (Olympus). 
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Calcium oscillation was defined when the relative fluorescence was dramatically 

increased by more than 20% as described previously [82]. 

 

21. IRF5 overexpression by transfection 

Dr. Tadatsugu Taniguchi (Tokyo University, Tokyo, Japan) kindly provided the 

murine IRF5 expression plasmid (pCAGGS-HA-IRF5). M2 macrophages were 

plated on a 30 mm culture dish or a 48-well culture plate at 5 × 105 cells/ml and 

transfected with the 2 µg/ml of the IRF5 expression plasmid or control plasmid 

using attractene (Qiagen, Valencia, CA, USA) in the presence of 10 ng/ml of M-

CSF for 12 h. After removal of transfection mixture, the cells were further incubated 

with 20 ng/ml of M-CSF and 100 ng/ml of RANKL for 2-4 days. 

 

22. IRF5 knock-down by transfection with small interfering 

RNA (siRNA) 

M1 macrophages were plated on a 30 mm culture dish or a 48-well culture plate 

at 5 × 105 cells/ml and transfected with 40 nM IRF5 siRNA or control siRNA 

(Dharmacon, Lafayette, CO, USA) using DharmaFECT 1 transfection reagent 

(Dharmacon) in the presence of 5 ng/ml of GM-CSF, according to the 

manufacturer’s instruction. After 24 h, the cells were washed and further incubated 

with 20 ng/ml of M-CSF and 100 ng/ml of RANKL for 2-5 days. 

 

23. Statistical analysis 

All experiments were performed at least two or three times and data were 

expressed as mean values ± standard deviations of three samples in each 

experimental group. Statistical significance was examined by two-tailed t-test. 

Differences were considered significant when P < 0.05.  
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Chapter III. Results 

 

1. Role of LTA in osteoclastogenesis 

1.1. LTA-deficient S. aureus induces massive bone resorption and 

excessive osteoclast differentiation compared with wild-type S. aureus 

To investigate the role of LTA on bone metabolism, mice were intraperitoneally 

administered with ethanol-inactivated S. aureus wild-type or LTA-deficient mutant 

(ΔltaS). Quantitative analysis following micro-CT imaging demonstrated that the 

ΔltaS strain augmented more massive bone resorption than the wild-type strain (Fig. 

3A and B). To examine if LTA-deficient S. aureus more induces osteoclast 

differentiation than wild-type strain, committed osteoclast precursors were 

stimulated with the ethanol-inactivated S. aureus wild-type, ΔltaS, or pSltaS which 

is the complemented ΔltaS strain. As expected, microscopic analysis following 

TRAP staining showed that the ΔltaS strain remarkably increased the number of 

TRAP-positive MNCs compared with the wild-type S. aureus while the pSltaS 

restored the increased number of TRAP-positive MNCs (Fig. 4A). In addition, the 

ΔltaS strain increased the number of nuclei per MNCs compared with the wild-type 

strain, and the pSltaS restored such effect as the wild-type did (Fig. 4B). 

Furthermore, the ΔltaS strain provoked MNCs with a large podosome belt, a typical 

structure for bone resorption, compared with the pSltaS or the wild-type strain (Fig. 

4C). These results suggest that LTA is responsible for inhibition of S. aureus-

induced bone resorption and osteoclastogenesis. 
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Figure 3. LTA-deficient S. aureus induces massive bone resorption compared 

with wild-type S. aureus. Mice (n = 4 per group) were intraperitoneally 

administered with 4 mg of ethanol-inactivated S. aureus wild-type and LTA-

deficient mutant (ΔltaS), twice with a 4-day interval. At day 7 after the first 

administration, the distal femurs were analyzed to obtain (A) micro-CT images and 

(B) trabecular bone volume. *P < 0.05 when compared with control groups. WT, 

wild-type. Con, control.  
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Figure 4. LTA-deficient S. aureus excessively augments osteoclast 

differentiation and activation. BMMs were incubated with M-CSF (20 ng/ml) and 

RANKL (40 ng/ml) for 36 h to prepare committed osteoclast precursors. The cells 

were washed and stimulated with ethanol-inactivated S. aureus wild-type, ΔltaS, or 

pSltaS (100 μg/ml) in the presence of M-CSF (20 ng/ml) for 24 h. After TRAP 

staining, (A) TRAP-positive MNCs or (B) nuclei per TRAP-positive MNCs were 

enumerated under an inverted phase-contrast microscope. *P < 0.05. (C) The 

TRAP-stained cells were photographed under an inverted phase-contrast 

microscope with magnification at ×40. (D) Committed osteoclast precursors were 

stimulated with ethanol-inactivated S. aureus WT, ΔltaS, or pSltaS (200 μg/ml) in 

the presence of M-CSF (20 ng/ml) for 48 h. The cells were fixed, stained with 

FITC-conjugated phalloidin (green), and then analyzed by immunocytochemistry 

analysis. The nucleus was counterstained with Hoechst 33258 for each sample. Bars, 

20 μm. One of three similar results is shown. 
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1.2. S. aureus LTA affects neither osteoclastogenesis nor bone mass 

To investigate whether LTA directly affects osteoclastogenesis, committed 

osteoclast precursors were stimulated with LTA isolated from S. aureus. As shown 

in Fig. 5A, S. aureus LTA induced the generation of TRAP-positive MNCs. 

However, synthetic peptide Pam2CSK4 mimicking Gram-positive bacterial 

lipoproteins remarkably increased the number of TRAP-positive MNCs. To further 

examine the bone resorptive capacity, committed osteoclast precursors were 

prepared on calcium phosphate-coated plates, stimulated with S. aureus LTA in the 

presence of M-CSF, and analyzed for resorption pits. S. aureus LTA hardly induced 

the resorption pits whereas Pam2CSK4 produced resorption pits (Fig. 5B). 

Furthermore, when collagen sheets soaked in S. aureus LTA were implanted in 

mouse calvaria, bone resorption was not observed in the calvarial bone even at 500 

μg of S. aureus LTA. However, 5 μg of Pam2CSK4 provoked bone resorption under 

the same condition (Fig. 5C). Additionally, osteoblast differentiation was examined 

in the presence of S. aureus LTA, but LTA alone did not affect the osteoblast 

differentiation (data not shown). These findings indicate that S. aureus LTA alone 

affects neither osteoclastogenesis nor bone resorption. 
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Figure 5. S. aureus LTA alone affects neither osteoclastogenesis nor bone mass. 

(A) Committed osteoclast precursors were stimulated with S. aureus LTA (10 or 30 

µg/ml) in the presence of M-CSF (20 ng/ml) for 36 h. After TRAP staining, TRAP-

positive MNCs were enumerated under an inverted phase-contrast microscope. 

Pam2CSK4 (0.1 µg/ml) was used as a positive control. *P < 0.05 when compared 

with untreated cells. (B) Committed osteoclast precursors plated on calcium 

phosphate-coated plates were stimulated with S. aureus LTA (30 µg/ml) or 

Pam2CSK4 (0.1 µg/ml) in the presence of M-CSF (20 ng/ml) for 4 days. The 

resorbed areas were photographed under an inverted phase-contrast microscope 

with magnification at ×40. (C) Mouse calvaria (n = 3 per group) were implanted 

with collagen sponges soaked with S. aureus LTA (20, 100, or 500 μg) or 

Pam2CSK4 (5 μg). After 7 days, the calvaria were analyzed to obtain micro-CT 

images. The micro-CT image of the calvaria shown is one of three similar results. 

PAM2, Pam2CSK4.  
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1.3. S. aureus LTA inhibits M-CSF/RANKL-induced osteoclastogenesis 

from macrophages 

1.3.1. S. aureus LTA inhibits M-CSF/RANKL-induced osteoclast differentiation 

from macrophages 

To determine if S. aureus LTA plays an inhibitory role in osteoclastogenic 

conditions, BMMs as osteoclast precursors were incubated with M-CSF and 

RANKL in the presence or absence of S. aureus LTA for 2 days. RANKL facilitated 

the generation of TRAP-positive MNCs, but S. aureus LTA inhibited the number of 

TRAP-positive MNCs in a dose-dependent manner (Fig. 6A and B). All treatment 

groups showed no change in cell viability, which indicates that the inhibitory effect 

of LTA on M-CSF/RANKL-induced osteoclastogenesis is not associated with cell 

death (Fig. 6C). To further examine whether LTAs from other gram-positive bacteria 

also suppress M-CSF/RANKL-induced osteoclast differentiation from macrophage, 

LTAs isolated from B. subtilis and L. plantarum were treated to BMMs with M-

CSF/RANKL for 48 h. As expected, LTAs isolated from B. subtilis or L. plantarum 

significantly inhibited the generation of TRAP-positive MNCs (Fig. 6D and E), 

implying that LTA possesses the ability to inhibit osteoclast differentiation. To 

examine bone resorptive capacity, BMMs were prepared on calcium phosphate-

coated plates, incubated with S. aureus LTA in the presence of M-CSF and RANKL, 

and analyzed for resorption pits. As shown in Fig. 7, M-CSF and RANKL produced 

the resorption pits with various areas, but S. aureus LTA decreased the resorption 

pits under the same condition. These results suggest that LTA inhibits M-

CSF/RANKL-induced osteoclastogenesis from macrophages.  
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Figure 6. LTA inhibits M-CSF/RANKL-induced osteoclast differentiation from 

macrophages. BMMs were incubated with M-CSF (20 ng/ml) and RANKL (20 

ng/ml) in the presence or absence of S. aureus LTA (0.01, 0.1, 1, and 10 µg/ml) for 

2 days. After TRAP staining, (A) the cells were photographed under an inverted-

phase-contrast microscope with magnification at ×40 and (B) TRAP-positive MNCs 

were enumerated. (C) Cell viability was determined by MTT-based cytotoxicity 

assay. BMMs were incubated with M-CSF (20 ng/ml) and RANKL (20 ng/ml) in 

the presence or absence of (D) B. subtilis LTA or (E) L. plantarum LTA (0.01, 0.1, 1, 

and 10 µg/ml) for 2 days. After TRAP staining, TRAP-positive MNCs were 

enumerated under an inverted-phase-contrast microscope. *P < 0.05 when 

compared with untreated cells. One of three similar results is shown. 
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Figure 7. S. aureus LTA attenuates M-CSF/RANKL-induced bone resorption 

capacity in macrophages. Stroma-free BMs were plated onto a 96-well calcium 

phosphate-coated plate and differentiated into BMMs by incubation with M-CSF 

(20 ng/ml) for 3 days. The BMMs were further incubated with S. aureus LTA (10 

µg/ml) in the presence of M-CSF (20 ng/ml) and RANKL (20 ng/ml) for 3 days. 

The resorbed areas were photographed under an inverted phase-contrast microscope 

with magnification at ×40. The total resorption area per well was measured with 

Scion image software. *P < 0.05 when compared with untreated cells. One of the 

three similar results is shown. 



39 

1.3.2. S. aureus LTA enhances both endocytic capacity and TNF-a production 

in macrophages 

 Macrophages play a pivotal role in the innate immune responses with 

phagocytosis and production of inflammatory cytokines [14]. As macrophages are 

differentiated into osteoclast, the endocytic and inflammatory abilities gradually 

decrease in the macrophages [30]. Thus, the effect of LTA on endocytic capacity 

was determined during M-CSF/RANKL-induced osteoclastogenesis by measuring 

uptake of Dextran-FITC in BMMs. As shown in Fig. 8A, the endocytic capacity 

gradually decreased during osteoclastogenesis (MFIs at day 0, 1, and 2 were 128, 48, 

and 37, respectively). Treatment with S. aureus LTA, however, significantly 

enhanced endocytic capacity. In addition, S. aureus LTA dose dependently increased 

TNF-a production during osteoclastogenesis (Fig. 8B). These results imply that 

LTA makes macrophages keep the phagocytic and inflammatory abilities by 

inhibiting the osteoclastogenesis.  
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Figure 8. S. aureus LTA enhances endocytic capacity and TNF-α production of 

BMMs during osteoclastogenesis. BMMs were incubated with S. aureus LTA 

(0.01, 0.1, 1, and 10 µg/ml) in the presence of M-CSF (20 ng/ml) and RANKL (20 

ng/ml) for 1 or 2 day(s). (A) The cells were incubated with Dextran-FITC (1 mg/ml) 

for 30 min at 4°C (shaded area) or 37°C (open area). Dextran-FITC uptake at 37°C 

was analyzed by flow cytometry and compared with that at 4°C. Mean fluorescence 

intensity (MFI) is shown in the upper right in each histogram (the number in the 

upper row: MFI at 37°C; lower row: MFI at 4°C). (B) The amounts of TNF-α were 

determined in the culture supernatants by ELISA. *P < 0.05 when compared with 

untreated cells. One of the three similar results is shown.  
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1.3.3. Inhibitory effect of S. aureus LTA on osteoclastogenesis is mediated 

through TLR2 but partial involvement of MyD88 

Since signaling by CD14 and TLR2 is reported to mediate the activities of LTA 

[83], the surface expression of these receptors on osteoclast precursors was 

analyzed in the presence or absence of S. aureus LTA during osteoclastogenesis. 

Flow cytometry demonstrated that the BMMs expressed both CD14 and TLR2 on 

their surfaces (Fig. 9). During RANKL/M-CSF-induced osteoclastogenesis, the 

expression of and CD14 and TLR2 was gradually decreased on the osteoclast 

precursors, but S. aureus LTA maintained the surface expression of TLR2 (Fig. 9A) 

but not CD14 (Fig. 9B). LTA signaling has been reported to invoke MyD88-

dependent pathway via TLR2 [83-85]. To examine whether TLR2 and MyD88 are 

required for the inhibitory effect of LTA on M-CSF/RANKL-induced 

osteoclastogenesis from macrophages, BMMs were prepared from TLR2-deficient 

or MyD88-deficient mice and then stimulated with S. aureus LTA in the presence of 

M-CSF and RANKL. In the TLR2-deficient macrophages, S. aureus LTA hardly 

inhibited osteoclast differentiation even at 10 mg/ml where almost complete 

attenuation of osteoclastogenesis was observed in the wild-type macrophages (Fig. 

10A). Unexpectedly, S. aureus LTA still inhibited the osteoclastogenesis from 

MyD88-deficient macrophages in a dose-dependent manner, although the inhibitory 

effect of S. aureus LTA was less effective in the MyD88-deficient macrophages than 

in the wild-type cells (Fig. 10B). These findings indicate that S. aureus LTA inhibits 

M-CSF/RANKL-induced osteoclastogenesis through TLR2-dependent but with 

partial MyD88-dependent pathway. 
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Figure 9. S. aureus LTA induces TLR2 expression on osteoclast precursors. 

BMMs were incubated with M-CSF (20 ng/ml) and RANKL (20 ng/ml) in the 

presence or absence of S. aureus LTA (0, 0.01, 0.1, 1, and 10 μg/ml) for additional 1 

or 2 day(s). The cells were analyzed by flow cytometry after staining with 

fluorescent dye-conjugated specific antibodies to (A) CD14 and (B) TLR2. Shaded 

and open areas indicate isotype control and cell surface expression, respectively. 

MFI is shown in the upper right in each histogram. IS, isotype control. One of five 

similar results is shown. 
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Figure 10. S. aureus LTA suppresses M-CSF/RANKL-induced osteoclast 

differentiation through TLR2-dependent and partial MyD88-dependent 

pathway. Stroma-free BMs were obtained from (A and B) wild-type mice, (A) 

TLR2-deficient mice, or (B) MyD88-deficient mice, and differentiated into BMMs 

by incubation with M-CSF (20 ng/ml) for 3 days. The BMMs were further 

incubated with S. aureus LTA (0.001-10 μg/ml) in the presence of M-CSF (20 ng/ml) 

and RANKL (20 ng/ml) for 2 days. After TRAP staining, TRAP-positive MNCs 

were enumerated under an inverted phase-contrast microscope with magnification at 

×40. *P < 0.05 when compared with wild-type cells. WT, wild-type. TLR2-/-, TLR2-

deficient. MyD88-/-, MyD88-deficient. One of the three similar results is shown. 
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1.3.4. S. aureus LTA inhibits both M-CSF and RANKL signaling and 

reduces DNA-binding activity of AP-1 

 Since M-CSF and RANKL activate MAPKs to induce osteoclastogenesis [33], 

MAPK phosphorylation was examined in M-CSF- or RANKL-stimulated BMMs. 

Phosphorylation of extracellular signal-regulated kinase (ERK) and c-Jun N-

terminal kinase 1 (JNK1), but not p38 kinase, increased substantially at 5 minute in 

the presence of M-SCF or RANKL. However, LTA suppressed the increased 

phosphorylation of ERK and JNK1, while LTA hardly affected the p38 kinase 

phosphorylation (Fig. 11A and B). To examine the effect of LTA on activation of 

AP-1 and NFAT for LTA-inhibited osteoclastogenesis, the DNA-binding activities 

of AP-1 and NFAT were observed using EMSA. As shown in Fig. 11C, M-CSF and 

RANKL markedly increased the DNA-binding activity of AP-1 and NFAT in the 

BMMs. However, LTA inhibited the DNA-binding activity of AP-1, but not NFAT. 

These results indicate that LTA-inhibited osteoclastogenesis might be caused by the 

decreased activation of ERK and JNK and the reduced DNA-binding activity of AP-

1.  
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Figure 11. S. aureus LTA inhibits M-CSF- and RANKL-induced signaling. (A 

and B) BMMs were serum-deprived for 4 h, pre-treated with S. aureus LTA (10 

μg/ml) for 30 min, and then stimulated with (A) M-CSF (200 ng/ml) or (B) RANKL 

(200 ng/ml) for 5, 15, or 30 min. Cell lysates were prepared and subjected to 

Western blot analysis to determine phosphorylated or non-phosphorylated forms of 

MAPKs, including ERK, JNK, and p38 kinase. The relative values of 

phosphorylated forms to non-phosphorylated forms were determined by 

densitometry. (C) BMMs were simulated with S. aureus LTA (0, 0.1, 1, and 10 

μg/ml) for 30 min, followed by M-CSF (20 ng/ml) and RANKL (20 ng/ml) for 90 

min. Nuclear extracts were incubated with 32P-labeled oligonucleotides containing 

binding sites for AP-1 and NFAT. Protein-DNA binding complexes were 

electrophoresed and subjected to autoradiography. One picomole of each unlabeled 

probe was used as a control and marked “Cold”. One of the three similar results is 

shown.  



46 

1.4. S. aureus LTA inhibits osteoclast differentiation triggered from 

committed osteoclast precursors 

1.4.1. S. aureus LTA inhibits S. aureus- and Pam2CSK4-induced osteoclast 

differentiation from committed osteoclast precursors 

LTA-deficient S. aureus remarkably induced the bone resorption and 

osteoclastogenesis (Fig. 2), suggesting that S. aureus LTA may inhibit S. aureus-

induced osteoclast differentiation of committed osteoclast precursors. S. aureus 

augmented the number of TRAP-positive MNCs, but S. aureus LTA significantly 

decreased the number of TRAP-positive MNCs (Fig. 12A). Bacterial lipoproteins 

were reported to be augment excessive generation of osteoclastogenesis, 

contributing to bone resorption occurring by bacterial infection [42]. To investigate 

whether S. aureus LTA inhibits lipoprotein-induced osteoclastogenesis, committed 

osteoclast precursors were stimulated with S. aureus LTA and/or Pam2CSK4 

mimicking Gram-positive bacterial lipoprotein. S. aureus LTA significantly 

inhibited Pam2CSK4-induced TRAP-positive MNCs in a dose-dependent manner 

(Fig. 12B). In addition, LTA from B. subtilis or L. plantarum also suppressed 

Pam2CSK4-induced osteoclast differentiation (Fig. 13). These findings suggest that 

LTA generally inhibits S. aureus- and Pam2CSK4-induced osteoclast differentiation 

of committed osteoclast precursors. 
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Figure 12. S. aureus LTA inhibits S. aureus- or Pam2CSK4-induced osteoclast 

differentiation from committed osteoclast precursors. (A) Committed osteoclast 

precursors were stimulated with S. aureus LTA (30 µg/ml), along with ethanol-

inactivated S. aureus wild-type, LTA-deficient mutant (ΔltaS), or its complementary 

stain (pSltaS) (100 μg/ml) in the presence of M-CSF (20 ng/ml) for 24 h. (B) 

Committed osteoclast precursors were stimulated with S. aureus LTA (10 or 30 

µg/ml) and/or Pam2CSK4 (0.1 µg/ml) in the presence of M-CSF (20 ng/ml) for 24 

h. After TRAP staining, the stained cells were photographed and TRAP-positive 

MNCs were enumerated. *P < 0.05 when compared with untreated cells. One of 

three similar results is shown. 
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Figure 13. LTA isolated from B. subtilis or L. plantarum inhibits PAM2CSK4-

induced osteoclast differentiation from committed osteoclast precursors. 

Committed osteoclast precursors were stimulated with Pam2CSK4 (0.1 µg/ml) 

and/or LTAs (30 µg/ml) isolated from S. aureus, B. subtilis, and L. plantarum in the 

presence of M-CSF (20 ng/ml) for 24 h. After TRAP staining, TRAP-positive 

MNCs were enumerated. *P < 0.05 when compared with Pam2CSK4-untreated 

cells. One of three similar results is shown.  
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1.4.2. S. aureus LTA inhibits Pam2CSK4-induced osteoclast activation and 

bone resorption 

To ascertain whether S. aureus LTA influences osteoclast activation, committed 

osteoclast precursors were incubated with S. aureus LTA in the presence or absence 

of Pam2CSK4 for 48 h and the formation of podosome belt in osteoclasts was 

analyzed. As shown in Fig. 14A, Pam2CSK4 induced the MNCs with large 

podosome belt, but such effect was reduced by the co-treatment with S. aureus LTA 

and Pam2CSK4. To further examine the inhibitory effect of S. aureus LTA on the 

bone resorption capacity of osteoclasts, committed osteoclast precursors seeded on 

calcium phosphate coated-plates were incubated with S. aureus LTA and/or 

Pam2CSK4. As expected, the large areas of resorption pits were observed in the 

presence of Pam2CSK, but S. aureus LTA decreased Pam2CSK4-induced the bone 

resorption pits (Fig. 14B). Moreover, S. aureus LTA inhibited Pam2CSK4-induced 

the massive bone resorption (Fig. 14C). These findings indicate that S. aureus LTA 

inhibits bacterial lipoproteins-induced osteoclastogenesis of committed osteoclast 

precursors and bone resorption.  
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Figure 14. S. aureus LTA suppresses Pam2CSK4-induced osteoclast activation 

and bone resorption. (A) Committed osteoclast precursors were stimulated with S. 

aureus LTA (30 µg/ml) and/or Pam2CSK4 (0.1 µg/ml) in the presence of M-CSF 

(20 ng/ml) for 48 h. After fixation, the cells were stained with FITC-conjugated 

phalloidin (green) to determine actin expression using immunocytochemistry 

analysis. The nucleus was counterstained with Hoechst 33258. Bars, 20 μm. (B) 

Committed osteoclast precursors, plated on 96-well calcium phosphate-coated 

plates, were stimulated with LTA (30 µg/ml) and/or Pam2CSK4 (0.1 µg/ml) in the 

presence of M-CSF (20 ng/ml) for 48 h. The resorbed areas were photographed 

under an inverted phase-contrast microscope with magnification at ×40. (C) A 

collagen sheet soaked with 100 μg of LTA and/or 5 μg of Pam2CSK4 was implanted 

on mouse calvaria. After 7 days, micro-CT image of the calvaria was obtained. 
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1.4.3. S. aureus LTA inhibits differentiation of committed osteoclast precursors 

into osteoclasts in response to LPS, TNF-α, or RANKL 

Osteoclastogenesis occurs in committed osteoclast precursors by various 

osteoclast-inducing factors such as LPS, TNF-α, and RANKL [20, 28, 42]. To 

examine whether S. aureus LTA inhibits LPS-induced osteoclast differentiation, 

committed osteoclast precursors were stimulated with S. aureus LTA and/or LPS. As 

shown in Fig. 15A, LPS augmented the number of TRAP-positive MNCs, but S. 

aureus LTA remarkably inhibited the osteoclast differentiation. In addition, TNF-α 

robustly increased the number of TRAP-positive MNCs, but S. aureus LTA 

decreased the number of TRAP-positive MNCs (Fig. 15B). Furthermore, S. aureus 

LTA inhibited the generation of RANKL-induced TRAP-positive (Fig. 15C). These 

results indicate that S. aureus LTA may act negatively act in osteoclastogenesis. 
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Figure 15. S. aureus LTA inhibits differentiation of committed osteoclast 

precursors into osteoclasts in response to LPS, TNF-α, or RANKL.  Committed 

osteoclast precursors were stimulated with S. aureus LTA (30 µg/ml) in the presence 

or absence of (A) LPS (1 μg/ml), (B) TNF-α (0.2 μg/ml), or (C) RANKL (0.1 μg/ml) 

with M-CSF (20 ng/ml) for 24 h. Then, the cells were stained for TRAP and TRAP-

positive MNCs were enumerated. *P < 0.05. One of three similar results is shown. 
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1.4.4. TLR2 signaling is not necessary for LTA-mediated inhibition of 

osteoclast differentiation 

Since S. aureus LTA is mostly recognized by TLR2 triggering immune responses 

[83], committed osteoclast precursors were prepared from stroma-free BMs of wild-

type or TLR2-deficient mice, and osteoclast differentiation was examined in the 

presence of S. aureus LTA. TNF-α remarkably augmented the number of TRAP-

positive MNCs in wild-type and TLR2-deficient committed osteoclast precursors. In 

addition, S. aureus LTA inhibited the increased number of TRAP-positive MNCs 

(Fig. 16A). RANKL remarkably increased the number of TRAP-positive MNCs of 

TLR2-deficient committed osteoclast precursors compared with the wild-type 

precursors, but S. aureus LTA significantly decreased the number of TRAP-positive 

MNCs (Fig. 16B). These findings suggest that TLR2 signaling is not necessary for S. 

aureus LTA-mediated inhibition of osteoclast differentiation. 
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Figure 16. TLR2 signaling is not necessary for S. aureus LTA-mediated 

inhibition of osteoclast differentiation from committed osteoclast precursors. 

Committed osteoclast precursors were prepared from wild-type and TLR2-deficient 

mice. The cells were stimulated with S. aureus LTA (30 µg/ml) in the presence or 

absence of (A) TNF-α (0.2 μg/ml) or (B) RANKL (0.1 μg/ml) for 24 h. After TRAP 

staining, TRAP-positive MNCs were enumerated. *P < 0.05 when compared with 

wild-type cells. One of three similar results is shown. 
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1.4.5. LTA inhibits Pam2CSK4-induced MAPK activation and DNA-binding 

activity of NFATc1 

Since MAPKs are essential for Pam2CSK4-induced osteoclastogenesis of 

committed osteoclast precursors [42], MAPK phosphorylation induced by 

Pam2CSK4 was examined in the presence of S. aureus LTA in committed osteoclast 

precursors. Phosphorylation of MAPKs such as ERK, JNK, and p38 kinase was 

robustly induced in Pam2CSK4-treated cells. However, the phosphorylation of 

MAPKs was remarkably inhibited in the presence of S. aureus LTA (Fig. 17A). 

Next, the expression of c-Fos and NFATc1 was examined in committed osteoclast 

precursors stimulated with Pam2CSK4 and/or S. aureus LTA. Although S. aureus 

LTA did not inhibit the expression of c-Fos and NFATc1 in the cytosol of the 

Pam2CSK4-treated cells, it remarkably inhibited the expression of c-Fos and 

NFATc1 in the nucleus of the Pam2CSK4-treated cells (Fig. 17B and C). 

Concordantly, DNA-binding activity of NFATc1 was remarkably increased in the 

Pam2CSK4-treated cells, but S. aureus LTA inhibited the DNA-binding activity of 

NFATc1 (Fig. 17D). These results imply that S. aureus LTA attenuates intracellular 

signaling involved in Pam2CSK4-induced osteoclastogenesis. 
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Figure 17. S. aureus LTA inhibits Pam2CSK4-induced MAPK activation and 

DNA-binding activity of NFATc1. (A) Committed osteoclast precursors were 

serum-deprived for 4 h followed by stimulation with Pam2CSK4 (0.1 µg/ml) and/or 

S. aureus LTA (3, 10, or 30 µg/ml) for 20 min. Cell lysates were prepared and 

subjected to Western blot analysis to determine phosphorylated or non-

phosphorylated forms of ERK, JNK, and p38 kinase. (B to D) Committed osteoclast 

precursors were stimulated with Pam2CSK4 (0.1 µg/ml) and/or S. aureus LTA (30 

µg/ml) for 12 h. (B) Cytosolic extracts or (C) nuclear extracts were prepared and 

subjected to Western blot analysis to determine expression of c-Fos and NFATc1. (D) 

Nuclear extracts were incubated with 32P-labeled oligonucleotides containing 

binding site for NFATc1. Protein-DNA binding complex were electrophoresed and 

subjected to autoradiography. Unlabeled probe was used as a control and marked 

as ″cold″. One of two similar results is shown.   
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1.4.6. LTA inhibits dissociation of gelsolin-actin complex induced by 

Pam2CSK4 or RANKL 

The increased actin polymerization by dissociation of gelsolin from actin leads 

to osteoclast differentiation and activation [86]. However, S. aureus LTA directly 

binds to the active site of gelsolin, resulting in the impairment of gelsolin and actin 

dissociation [87]. To investigate if S. aureus LTA directly inhibits the gelsolin and 

actin dissociation, the interaction of gelsolin with actin was investigated in 

committed osteoclast precursors treated with S. aureus LTA in the presence or 

absence of Pam2CSK4 and RANKL. Pam2CSK4 or RANKL remarkably induced 

the dissociation of gelsolin from actin, but S. aureus LTA partially inhibited the 

dissociation of gelsolin from actin (Fig. 18). These results suggest that S. aureus 

LTA inhibits Pam2CSK4- or RANKL-induced actin polymerization by inhibiting 

gelsolin-actin dissociation. 
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Figure 18. S. aureus LTA inhibits dissociation of gelsolin-actin induced by 

Pam2CSK4 or RANKL. Committed osteoclast precursors were stimulated with S. 

aureus LTA (30 µg/ml) in the presence or absence of Pam2CSK4 (0.1 μg/ml) or 

RANKL (0.1 μg/ml), with M-CSF (20 ng/ml) for 12 h. Cell lysates at 150 µg were 

incubated with antibody specific to gelsolin for 12 h followed by further incubation 

with protein G-agarose beads for 2 h. After discarding the supernatant, the agarose 

beads were washed and bead-bound proteins were subjected to Western blot 

analysis using anti-β-actin antibody. One of two similar results is shown. 
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2.  Role of adiponectin in osteoclastogenesis 

2.1. Adiponectin-deficient mice exhibit decreased bone mass but 

increased bone marrow adiposity 

To investigate whether adiponectin deficiency affects bone metabolism, the 

femurs isolated from wild-type and adiponectin-deficient mice were scanned with 

micro-CT. Trabecular bone volume and trabecular number were 2-fold lower in the 

femurs of adiponectin-deficient mice than in those of wild-type mice. 

Concomitantly, trabecular separation was increased and trabecular thickness was 

similar in the femurs of adiponectin-deficient mice compared with those of wild-

type mice (Fig. 19A and B). To determine whether the decreased bone mass in 

adiponectin deficiency is due to excessive bone resorption and/or attenuated bone 

formation, bone histomorphometric parameters were analyzed in the femurs of 

wild-type and adiponectin-deficient mice. As expected, TRAP staining of the femur 

section showed that both osteoclast number and osteoclast surface were 2.4-fold 

higher in adiponectin-deficient mice than in wild-type mice (Fig. 20A and B). In 

contrast, both osteoblast number and osteoblast surface were 3.2-fold lower in the 

femur section of adiponectin-deficient mice than in that of wild-type mice (Fig. 

20C). Moreover, the femur section demonstrated an increase of bone marrow 

adiposity in the adiponectin-deficient mice compared with the wild-type mice. Both 

adipocyte number and adipocyte area were also 6.9-fold higher in the femur section 

of adiponectin-deficient mice than in that of wild-type mice (Fig. 20D). These 

results indicate that adiponectin deficiency decreases bone mass by enhancing bone 

resorption and attenuating bone formation but, instead, increases bone marrow 

adiposity by enhancing adipocyte formation. 
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Figure 19. Adiponectin-deficient mice exhibit decreased bone mass. The femurs 

were obtained from wild-type and adiponectin-deficient mice (n = 5 per group), and 

subjected to micro-CT analysis to (A) obtain three dimensional images or (B) 

trabecular bone parameters. BV/TV, trabecular bone volume. Tb.N, trabecular 

number. Tb.Sp, trabecular separation. Tb.Th, trabecular thickness. N.S., not 

significant. APN-/-, adiponectin-deficient. *P < 0.05 when compared with wild-type 

mice.   



61 

 

Figure 20. The femurs of adiponectin-deficient mice display increased bone 

resorption, decreased bone formation, and increased adiposity. The femurs (n = 

3 per group) were formalin-fixed, embedded, and sectioned. (A) After H&E or 

TRAP staining, the sections were subjected to microscopic analysis under an 

inverted phase-contrast microscope with magnification at ×100 (upper) and ×1600 

(lower). Arrow and asterisk indicate TRAP-positive osteoclasts and adipocytes, 

respectively. Histomorphometric analysis was performed for static indices related 

with (B) bone resorption, (C) bone formation, and (D) adiposity formation using 

osteomeasure software. Oc.S/BS, osteoclast surface per bone surface. N.Oc/T.Ar, 

osteoclast number per tissue area. Ob.S/BS, osteoblast surface per bone surface. 

N.Ob/ T.Ar, osteoblast number per tissue area. N.Ad/T.Ar, adipocyte number per 

tissue area. Ad.Ar/T.Ar, adiposity area per tissue area. *P < 0.05 when compared 

with wild-type mice.  



62 

2.2. Adiponectin-deficient osteoblast precursors preferentially 

differentiate into adipocytes rather than osteoblasts 

Since osteoblasts and adipocytes are known to be exclusively differentiated from 

common bone marrow mesenchymal cell lineages in bone microenvironment [9], it 

was examined if adiponectin deficiency shifts differentiation of mesenchymal cell 

lineages toward adipocytes rather than osteoblasts. When osteoblast differentiation 

was induced from calvarial osteoblast precursors by incubating ascorbic acid and β-

glycerophosphate, adiponectin-deficient cells were weakly differentiated into ALP- 

and Alizarin Red S-positive cells compared with the wild-type cells (Fig. 21A and 

B). Consistently, quantitative measurements of Alizarin Red S absorbance showed 

that the adiponectin-deficient cells showed attenuation of the deposition of calcified 

matrix (Fig. 21C). Moreover, the mRNA levels of the osteogenic marker genes 

including ALP, BSP, and OCN were attenuated in the adiponectin-deficient cells 

(Fig. 21D), indicating that adiponectin-deficient osteoblast precursors have weak 

osteoblastogenic potential. Next, when adipocyte differentiation was induced from 

calvarial osteoblast precursors by incubating with dexamethasone, insulin, and 

IBMX, Oil Red O staining demonstrated that adiponectin-deficient cells produced 

an increase of lipid droplets compared with wild-type cells (Fig. 22A and B). The 

mRNA level of PPARγ, a major transcription factor for adipogenesis, was also 

increased in the adiponectin-deficient cells compared with the wild-type cells (Fig. 

22C). Taken together, these results suggest that adiponectin deficiency skews 

differentiation of osteoblast precursors toward adipocytes rather than osteoblasts. 
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Figure 21. Adiponectin-deficient calvarial cells hardly differentiate into 

osteoblasts. Calvarial cells were grown until fully confluent and then incubated 

with β-glycerophosphate (10 mM) and ascorbic acid (50 μM). At day 7 or 21 after 

the initial incubation, the cells were stained with (A) ALP or (B) Alizarin Red S, 

respectively. The cells were photographed (upper) or observed under an inverted 

phase-contrast microscope with magnification at ×20 (lower). (C) After Alizarin 

Red S staining, the cells were dissolved and the absorbance at 450 nm was 

measured. *P < 0.05 when compared with wild-type cells. (D) Total RNAs were 

isolated, reversed-transcribed, and subjected to PCR. 
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Figure 22. Adiponectin-deficient calvarial cells preferentially differentiate into 

adipocytes. For adipocyte differentiation, calvarial cells were grown until fully 

confluent and then incubated with dexamethasone (1 μM), insulin (5 μg/ml), and 

IBMX (0.5 mM) for 21 days. (D) After Oil Red O staining, the cells were 

photographed (upper) or observed under an inverted phase-contrast microscope 

with magnification at ×20 (lower). (E) The cells were dissolved and the absorbance 

at 500 nm was measured. (F) At day 5, the mRNA level of PPARγ was determined 

by RT-PCR. The cDNA copy number was normalized to that of β-actin, and relative 

expression was calculated by comparing the ratio of samples to that of wild-type 

control using densitometric analysis. *P < 0.05 when compared with non-treated 

cells. N.S., not significant.  
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2.3. Adiponectin-deficient macrophages have weak osteoclastogenic 

potential 

2.3.1. Adiponectin-deficient BMMs scarcely differentiate into osteoclasts 

Based on excessive bone resorption in the femur of the adiponectin-deficient 

mice (Fig. 20B), this study hypothesized that adiponectin-deficient osteoclast 

precursors may efficiently differentiate into osteoclasts. Thus, osteoclast 

differentiation from BMMs was induced by M-CSF and RANKL. Unexpectedly, the 

number of TRAP-positive MNCs was attenuated in the BMMs from adiponectin-

deficient mice than in those from wild-type mice (Fig. 23A). In addition, when 

BMMs were plated onto calcium phosphate-coated culture plates and then 

incubated with M-CSF and RANKL, resorption pit area was also 3.3-fold lower in 

the BMMs from adiponectin-deficient cells than those from wild-type mice (Fig. 

23B). These results indicate that adiponectin-deficient BMMs possess weak 

osteoclastogenic potential. 
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Figure 23. Adiponectin-deficient BMMs scarcely differentiate into osteoclasts. 

(A) BMMs were incubated with M-CSF (20 ng/ml) and RANKL (40 ng/ml) for 48 

h or 60 h. After TRAP staining, the stained cells were photographed under an 

inverted phase-contrast microscope with magnification at ×40 and TRAP-positive 

multinucleated cells were enumerated. (B) BMMs were plated onto calcium 

phosphate-coated plates and then incubated with M-CSF (20 ng/ml) and RANKL 

(40 ng/ml) for 5 days. Resorbed pits were photographed under an inverted phase-

contrast microscope with magnification at ×40 and total resorption area per well 

was measured by ImageJ software. WT, wild-type. APN-/-, adiponectin-deficient. *P 

< 0.05 when compared with wild-type cells. One of three similar results is shown. 
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2.3.2. Osteoclast progenitors in whole BMs are similar between wild-type and 

adiponectin-deficient mice 

Osteoclast progenitors in BMs are classified into two types with different 

osteoclastogenic potential [88]. CD11blowB220-CD3ε- cells are composed of about 

10% of whole BMs and have potent osteoclastogenic potential, whereas 

CD11bhighB220-CD3ε- cells are composed of about 60% of whole BMs and have 

inefficient osteoclastogenic potential [88]. To investigate whether the attenuated 

osteoclast differentiation of adiponectin-deficient BMMs is related to a decrease of 

osteoclast progenitors in BMs, osteoclast progenitors were analyzed by flow 

cytometry. As shown in Fig. 24, the percentages of the cells were similar between 

wild-type and adiponectin-deficient cells. These results indicate that the decreased 

osteoclastogenesis of adiponectin-deficient BMMs is not associated with the 

number of osteoclast progenitors in BMs. 
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Figure 24. No difference of osteoclast progenitors in BMs from wild-type and 

adiponectin-deficient mice. Whole BMs were isolated from wild-type and 

adiponectin-deficient mice. After blocking Fc receptors, the BMs were stained with 

fluorescent dye-conjugated antibodies specific for CD11b, B220, and CD3ε. The 

percentage of CD11bhighB220-CD3ε- cells and CD11blowB220-CD3ε- cells was 

analyzed by flow cytometry. *P < 0.05 when compared with wild-type cells. N.S., 

not significant.   
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2.3.3. Adiponectin-deficient BMMs show reduced DNA-binding activities of 

AP-1 and NFATc1 by decreasing activation of p38 kinase and CREB in 

response to RANKL 

Next, activation of MAPKs and CREB in BMMs was determined in response to 

RANKL, because MAPKs and CREB are closely associated with RANKL-induced 

osteoclastogenesis [18, 89]. Western blot analysis demonstrated that 

phosphorylation of p38 kinase, ERK, and CREB was slightly induced in BMMs 

from adiponectin-deficient mice compared with those from wild-type mice at 15 

min without change of JNK (Fig. 25A). Expression of c-Fos and NFATc1 was 

further determined by Western blot analysis because c-Fos and NFATc1 are essential 

transcription factors for RANKL-induced osteoclastogenesis. The expression of c-

Fos and NFATc1 was scarcely induced in the BMMs from adiponectin-deficient 

mice in response to RANKL and M-CSF (Fig. 25B). Indeed, DNA-binding 

activities of AP-1 and NFATc1 were also attenuated in the BMMs from adiponectin-

deficient mice compared with those from wild-type mice under the same conditions 

(Fig. 25C). These results indicate that adiponectin-deficient BMMs have weak 

osteoclastogenic potential through decreased activation of p38 kinase, ERK, and 

CREB followed by reduced DNA-binding activities of AP-1 and NFATc1. 
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Figure 25. Adiponectin-deficient BMMs slightly induce RANKL-induced 

signaling. (A) BMMs were serum-starved for 3 h and stimulated with RANKL (100 

ng/ml) for 0, 5, 15, and 30 min. Then, the cells were lysed and subjected to Western 

blot analysis using antibodies specific to phosphorylated or nonphosphorylated p38 

kinase, ERK, JNK, and CREB. (B) BMMs were incubated with M-CSF (20 ng/ml) 

and RANKL (100 ng/ml) for 1 or 2 day(s). Expression of c-Fos and NFATc1 was 

determined by Western blot analysis. (C) Nuclear extracts were incubated with 32P-

labeled oligonucleotides containing binding sites for AP-1 and NFATc1. Protein-

DNA binding complexes were electrophoresed and subjected to autoradiography. 

Unlabeled probe was used as a control and marked as ″cold″.  
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2.3.4. Weak osteoclastogenic potential of adiponectin-deficient macrophages is 

associated with properties of M1 macrophages 

Osteoclast precursors, macrophages, can be polarized toward inflammatory M1 

or anti-inflammatory M2 macrophages [26], and previous reports have shown that 

adiponectin deficiency induces M1 macrophages [90, 91]. Thus, this study 

investigated whether the weak osteoclastogenic potential of adiponectin-deficient 

BMMs is associated with properties of M1 macrophages. As shown in Fig. 26A, 

adiponectin-deficient BMMs highly expressed mRNA levels of not only M1 

markers such as IL-6 and IL-1β but also M2 markers such as CD36 and arginase I. 

However, the adiponectin-deficient BMMs more expressed protein level of IRF5, a 

major transcription factor for M1 macrophages, than the wild-type cells (Fig. 26B). 

In addition, the adiponectin-deficient BMMs induced up-regulated IL-6 and down-

regulated IL-10 production upon exposure to LPS, indicating that adiponectin-

deficient BMMs are M1 macrophages (Fig. 26C).  

Next, this study further examined whether resident peritoneal macrophages from 

adiponectin-deficient mice have weak osteoclastogenic potential as well as 

properties of M1 macrophages. To exclude contamination of monocytes during 

isolation of peritoneal macrophages, expression of F4/80 and C62L was analyzed as 

F4/80-positive and CD62L-negative cells are known to be macrophages [92]. Flow 

cytometry demonstrated that the isolated cells were F4/80-positive and CD62L-

negative cells (Fig. 26D), indicating that peritoneal macrophages were not 

contaminated with monocytes. Consistent with the results using BMMs, when the 

peritoneal macrophages were incubated with M-CSF and RANKL, the number of 

TRAP-positive MNCs was 2.7-fold lower in adiponectin-deficient peritoneal 

macrophages than in the wild-type cells (Fig. 26E). In addition, up-regulated IL-6 

and down-regulated IL-10 productions were observed in the adiponectin-deficient 



72 

cells compared with the wild-type cells upon exposure to LPS (Fig. 26F), implying 

that macrophages in adiponectin deficiency have weak osteoclastogenic potential as 

well as M1 polarizing potential.  

In contrast, treatment with adiponectin increased the number of TRAP-positive 

MNCs (Fig. 27A). In addition, the adiponectin-treated cells induced down-regulated 

IL-6 and up-regulated IL-10 production, which is a typical feature of M2 

macrophages (Fig. 27B). These findings suggest that weak osteoclastogenic 

potential of adiponectin-deficient macrophages is associated with properties of M1 

macrophages. 
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Figure 26. Adiponectin-deficient macrophages possess both weak 

osteoclastogenic potential and characteristics of M1 macrophages. (A) Total 

RNAs were isolated from BMMs, reversed-transcribed, and subjected to PCR. (B) 

Lysates were prepared from BMMs and subjected to Western blot analysis using 

anti-IRF5 antibody. (C) BMMs were stimulated with LPS (0.1 µg/ml) for 24 h. The 

culture supernatants were analyzed to determine the amounts of IL-6 and IL-10 by 

ELISA. (D) Peritoneal macrophages were isolated, blocked Fc receptors, and then 

stained with fluorescent dye-conjugated antibodies specific for F4/80 and CD62L. 

The cells were analyzed by flow cytometry. (E) Peritoneal macrophages were 

incubated with M-CSF (20 ng/ml) and RANKL (40 ng/ml) for 4 days. After TRAP 

staining, the cells were photographed were photographed under an inverted phase-

contrast microscope with magnification at ×40 and TRAP+-MNCs were enumerated. 

(F) Peritoneal macrophages were stimulated with LPS (0.1 µg/ml) for 24 h. 

Production of IL-6 and IL-10 was determined in the culture supernatants by ELISA. 

*P < 0.05 when compared with wild-type cells. N.D., not detected. One of three 

similar results is shown. 
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Figure 27. Adiponectin-treated cells have potent osteoclastogenic potential and 

anti-inflammatory properties of M2 macrophages. BMs were incubated with 

adiponectin (2 µg/ml) for 24 h and the stroma-free BMs were harvested. (A) The 

cells were incubated with M-CSF (20 ng/ml) and RANKL (40 ng/ml) for 3 days. 

After TRAP staining, TRAP+-MNCs were enumerated. (B) The cells were 

incubated with M-CSF (20 ng/ml) for 5 days followed by stimulation with LPS (0.1 

µg/ml) for 24 h. The culture supernatants were analyzed to determine the amounts 

of IL-6 and IL-10 by ELISA. *P < 0.05 when compared with non-treated cells. N.D., 

not detected. N.S., not significant. rAPN, recombinant adiponectin. One of three 

similar results is shown.  
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2.3.5. M1 macrophages have weak osteoclastogenic potential 

2.3.5.1. M1 macrophages scarcely differentiate into osteoclasts 

Next, this study further investigated the different osteoclastogenic potential 

between M1 and M2 macrophages. Macrophages derived from monocytes by GM–

CSF and M-CSF have been commonly used as M1 and M2 macrophages, 

respectively [26, 93]. Thus, stroma-free BMs were incubated with either GM-CSF 

for M1 macrophages or M-CSF for M2 macrophages, and the BMMs were 

differentiated to osteoclasts by RANKL and M-CSF. Microscopic analysis 

following TRAP staining showed that RANKL dose-dependently increased the 

number of TRAP-positive MNCs from M2 macrophages but not M1 macrophages 

(Fig. 28A). To clarify whether the attenuated osteoclast differentiation is a general 

feature of the M1 macrophages, osteoclast differentiation was further examined 

using M1 macrophages induced by LPS plus interferon-γ (IFN-γ) or M2 

macrophages induced by IL-4 or IL-10. As expected, the number of TRAP-positive 

MNCs was remarkably increased in the M2 macrophages compared with the M1 

macrophages (Fig. 28B). These results indicate that M1 macrophages have weak 

osteoclastogenic potential compared with M2 macrophages.  
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Figure 28. M1 macrophages scarcely differentiate to osteoclasts in response to 

RANKL and M-CSF. (A) M1 and M2 macrophages were prepared from stroma-

free BMs by incubation with GM-CSF (10 ng/ml) and M-CSF (20 ng/ml) for 5 days, 

respectively. (A) Macrophages were further incubated with M-CSF (20 ng/ml) and 

RANKL (20, 40, or 80 ng/ml) for 3 days. After TRAP staining, the cells were 

photographed under an inverted phase-contrast microscope with magnification at 

×40 (left) or ×400 (right), and TRAP+-MNCs were enumerated. M-CSF-induced 

BMMs were further incubated with IL-4 (50 ng/ml), IL-10 (20 ng/ml), GM-CSF (20 

ng/ml), and LPS (100 ng/ml) along with IFN-γ (20 ng/ml) in the presence of M-CSF 

(20 ng/ml) for 24 h. Then, the cells were incubated with M-CSF (20 ng/ml) and 

RANKL (40 ng/ml) for 3 days. After TRAP staining, TRAP+-MNCs were 

enumerated. *P < 0.05 when compared with M2 macrophages. One of three similar 

results was shown. 
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2.3.5.2. M1 macrophages have reduced bone resorptive capacity 

Next, osteoclast functions, such as bone-resorption capacity and podosome belt 

formation, in M1 and M2 macrophages were further investigated in the presence of 

M-CSF and RANKL. When BMMs were plated on calcium phosphate-coated plates 

and differentiated to osteoclasts by M-CSF and RANKL, large areas of resorption 

pits were observed in M2 macrophages compared with M1 macrophages (Fig. 29A). 

Immunofluorescence confocal microscopic analysis also showed that the size of 

podosome belt at the cell periphery was larger in M2 macrophages than in M1 

macrophages in response to M-CSF and RANKL (Fig. 29B). These results indicate 

that M1 macrophages are weak osteoclast precursors whereas M2 macrophages are 

potent osteoclast precursors.  
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Figure 29. Osteoclast activation is attenuated in M1 macrophages compared 

with M2 macrophages. (A) Macrophages were plated on coverslips in 24-well 

culture plates and incubated with M-CSF (20 ng/ml) and RANKL (100 ng/ml) for 4 

days. The cells were fixed, permeabilized, and stained for F-actin (green). Then, the 

stained cells were examined by immunocytochemistry analysis. The nucleus was 

counterstained with Hoechst for each sample. Bars, 20 μm. (B) Macrophages were 

plated onto calcium phosphate-coated plates and incubated with M-CSF (20 ng/ml) 

and RANKL (50 ng/ml) for 4 days. The resorbed area were photographed under an 

inverted phase-contrast microscope with magnification at ×40 (left) or ×400 (right), 

and total resorption area per well was measured with ImageJ software. *P < 0.05 

when compared with M2 macrophages. One of three similar results was shown 
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2.3.5.3. Efficient osteoclastogenic potential of M2 macrophages is not 

associated with expression of osteoclastogenesis-associated receptors 

Osteoclastogenesis-associated receptors such as c-Fms, RANK, and TREM2 are 

important for initiation of osteoclast differentiation [94]. To investigate whether M2 

macrophages have efficient osteoclastogenic potential by upregulating c-Fms, 

RANK, and TREM2 expression, their expression was determined in M1 and M2 

macrophages. Flow cytometry demonstrated that M2 macrophages highly expressed 

c-Fms compared with M1 macrophages. The up-regulated expression of c-Fms was 

also observed in M2 macrophages treated with M-CSF alone or together with 

RANKL (Fig. 30A). RANK and TREM2 were barely expressed in M2 and M1 

macrophages. Upon exposure to M-CSF with or without RANKL, the expression of 

RANK and TREM2 was similarly increased in both M2 and M1 macrophages (Fig. 

3B and C). These results indicate that expression of osteoclastogenesis-associated 

receptors is not associated with efficient different osteoclastogenic potential 

between macrophage subtypes. 
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Figure 30. Expression of c-Fms, RANK, and TREM2 on M1 and M2 

macrophages. M1 and M2 macrophages were incubated with M-CSF (20 ng/ml) 

and RANKL (100 ng/ml) for 2 days. After blocking Fc receptors, the cells were 

stained with fluorescent dye-conjugated antibodies specific to (A) c-Fms, (B) 

RANK, and (C) TREM2. The stained cells were analyzed by flow cytometry. 

Number in each histogram indicates the percentage of positive cells. One of three 

similar results is shown.  
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2.3.5.4. M2 macrophages remarkably activate AP-1 and NFATc1 through up-

regulation of calcium oscillation followed by CREB activation 

MAPKs and CREB are closely associated with RANKL-induced early signaling 

pathways for osteoclast differentiation. Therefore, the activation of MAPKs and 

CREB was analyzed to determine if effective osteoclastogenic potential of M2 

macrophages is due to increased RANK-mediated activation of MAPKs and CREB. 

Western blot analysis showed that M2 macrophages highly induced phosphorylation 

of MAPKs, such as p38 kinase, ERK, and JNK, and CREB in response to RANKL 

compared with M1 macrophages (Fig. 31A), indicating that RANKL-induced early 

signaling pathways are slightly involved in the efficient osteoclastogenic potential 

of M2 macrophages. To determine whether RANKL-induced late signaling 

pathways are involved in the efficient osteoclastogenic potential of M2 

macrophages, calcium oscillation was determined in M1 and M2 macrophages. 

Stroma-free BMs showed spontaneous calcium oscillations. Similar to previous 

reports [18], M2 macrophage barely generated calcium oscillations but had 

upregulation of that upon exposure to M-CSF and RANKL. In contrast, M1 

macrophages remarkably generated calcium oscillations but showed an attenuation 

of that by M-CSF and RANKL (Fig. 32A and B). Since calcium oscillation is 

required for efficient expression and activation of crucial transcription factors such 

as c-Fos and NFATc1 by sustaining CREB activation [18], phosphorylation of 

CREB was determined in macrophages treated with M-CSF and RANKL for 2 days. 

As expected, M2 macrophages showed sustained phosphorylation of CREB and 

increased expression of CREB compared with M1 macrophages. Concordantly, 

expression and DNA-binding activities of c-Fos and NFATc1 were also remarkably 

increased in M2 macrophages compared with M1 macrophages under the same 

conditions (Fig. 33 A and B). These results suggest that M2 macrophages act as 

potent osteoclast precursors by enhancing activation of AP-1 and NFATc1 through 

CREB activation. 
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Figure 31. RANKL-mediated activation of MAPKs and CREB is attenuated in 

M1 macrophages. M1 and M2 macrophages were serum-deprived for 3 h and 

incubated with 100 ng/ml of RANKL for 0, 5, 15, and 30 min. Cell lysates were 

prepared and subjected to Western blot analysis to determine phosphorylated and 

non-phosphorylated forms of MAPKs and CREB. One of three similar results is 

shown.  
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Figure 32. Calcium oscillation is barely induced in M1 macrophages during 

osteoclast differentiation. (A) Stroma-free BMs were loaded with fluo-4/AM (3 

µM), pluronic F-127 (0.02%), and probenecid (1 mM) for 30 min at 37°C. The cells 

were washed with calcium-free HBSS three times and plated onto coverslips for 30 

min at RT. (B and C) Macrophages were plated onto coverslips in 24-well culture 

plates and incubated with M-CSF (20 ng/ml) and RANKL (100 ng/ml) for 2 days. 

The cells were loaded and washed as above mentioned. Calcium oscillatory change 

was measured with an interval 5 sec using a confocal-laser scanning microscope. 

Each color indicates a different cell in the same field. An arrow indicates treatment 

with ionomycin (10 µM) at the end of each experiment. (D) Calcium oscillation 

frequency (the percentage of oscillators) and the number of calcium oscillation 

spikes (spikes per oscillators or spikes per total cells) were analyzed by a relative 

fluorescence intensity change in each single cell.  *P < 0.05. One of three similar 

results is shown. 
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Figure 33. M1 macrophages show reduced DNA-binding activities of AP-1 and 

NFATc1 through down-regulation of CREB activation. BMMs were incubated 

with M-CSF (20 ng/ml) and RANKL (100 ng/ml) for 1 and 2 day(s). (A) Total cell 

lysates were isolated and subjected to Western blot analysis to determine expression 

of phospho-CREB, CREB, c-Fos, and NFATc1. (B) Nuclear extract were incubated 

with 32P-labeled oligonucleotides containing binding sites for NFATc1 and AP-1. 

Protein-DNA binding complex were electrophoresed and subjected to 

autoradiography. Unlabeled probe was used as a control and marked as “cold”. One 

of three similar results was shown. 
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2.3.5.5. Osteoclastogenic potential of macrophage is reversible by converting 

macrophage subtypes 

Macrophages can convert from M1 to M2 or from M2 to M1 macrophages [22]. 

Therefore, osteoclastogenic potential may change depending on conversion of 

macrophage subtypes. When M2 macrophages were incubated with GM-CSF to 

convert to M1 macrophages and then differentiated to osteoclasts by M-CSF and 

RANKL, the number of TRAP-positive MNCs was remarkably decreased in the 

GM-CSF-treated M2 macrophages compared with the M2 macrophages. In contrast, 

M-CSF-treated M1 macrophages were rapidly differentiated into TRAP-positive 

MNCs than untreated M1 macrophages (Fig. 34), implying that osteoclastogenic 

potential of macrophage is reversible by converting macrophage subtypes. 
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Figure 34. Osteoclastogenic potential of macrophage is reversible by converting 

macrophage subtypes. M2 and M1 macrophages were incubated with GM-CSF 

(10 ng/ml) and M-CSF (20 ng/ml) for 24 h, respectively. After washing, the cells 

were incubated with M-CSF (20 ng/ml) and RANKL (100 ng/ml) for 3 additional 

days. After TRAP staining, TRAP-positive MNCs were enumerated. *P < 0.05 

when compared with untreated cells. One of three similar results is shown. 
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2.3.5.6. Expression of IRF5 modulates osteoclast differentiation 

Osteoclastogenic potential was reversible depending on macrophage subtypes, 

suggesting that factors responsible for macrophage polarization may influence 

osteoclastogenic potential. Among the factors, IRF5 may be crucial for regulation of 

osteoclastogenic potential in macrophage subtypes, because IRF5 is a well-known 

factor capable of inducing M1 macrophages and attenuating M2 macrophages by 

increasing IRF5 expression [26]. Therefore, based on the results showing that IRF5 

was scarcely observed in osteoclasts (Fig. 29A), the effect of IRF5 on osteoclast 

differentiation was examined using overexpression or silencing of IRF5. When M2 

macrophages were transfected with IRF5 overexpression vector and then incubated 

with RANKL and M-CSF, the cells showed decreased phosphorylation of CREB 

and reduced expression of NFATc1 compared to the control vector-transfected cells 

(Fig. 34A). Consistently, the number of TRAP-positive MNCs was also decreased 

in the cells transfected with IRF5 overexpression vector (Fig. 34B). In contrast, 

when M1 macrophages were transfected with siRNA targeting IRF5 and then 

incubated with M-CSF and RANKL, the cells robustly induced phosphorylation of 

CREB and increased expression of NFATc1 (Fig. 35A). Concordantly, the number 

of TRAP-positive MNCs was also increased in the IRF5-silenced cells (Fig. 35B). 

These results indicate that IRF5 may be a crucial factor responsible for the change 

of osteoclastogenic potential by conversion of macrophage subtypes. 
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Figure 35. Overexpression of IRF5 inhibits osteoclast differentiation by 

attenuating CREB phosphorylation and NFATc1 expression in the M2 

macrophages. M2 macrophages were transfected with pCGAGS-HA-murine IRF5 

(2 µg/ml) or control vector (2 µg/ml) in the presence of M-CSF (10 ng/ml) for 12 h, 

washed, and further incubated with M-CSF (20 ng/ml) and RANKL (100 ng/ml). (A) 

After 2 days, the cell lysates were prepared and subjected to Western blot analysis. 

(B) After 4 days, the cells were stained for TRAP and the number of TRAP-positive 

MNCs was counted. *P < 0.05 when compared with control vector-transfected cells. 

One of two similar results is shown.  
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Figure 36. Knockdown of IRF5 enhanced osteoclast differentiation by inducing 

CREB phosphorylation and NFATc1 expression in the M1 macrophages. M1 

macrophages were transfected with IRF5 siRNA (20 nM) or control siRNA (20 nM) 

in the presence of GM-CSF (5 ng/ml) for 24 h, washed, and further incubated with 

M-CSF (20 ng/ml) and RANKL (100 ng/ml) (A) After 2 days, the cell lysates were 

prepared and subjected to Western blot analysis. (B) After 4 days, the cells were 

stained for TRAP and TRAP-positive MNCs were enumerated. *P < 0.05 when 

compared with control siRNA-transfected cells. One of two similar results is shown.  
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2.4. Up-regulated RANKL/OPG ratio enhances osteoclast differentiation 

in adiponectin deficiency 

2.4.1. Adiponectin-deficient osteoblast precursors have up-regulated 

RANKL/OPG ratio 

Contrary to the enhanced bone resorption shown in the femur of adiponectin-

deficient mice, adiponectin-deficient macrophages had weak osteoclastogenic 

potential. Thus, this study hypothesized that osteoclast differentiation is indirectly 

modulated by other cells or their soluble factors in the bone. Since RANKL/OPG 

ratio is known to be crucial for osteoclast differentiation [16], expression of 

RANKL and OPG was determined in calvarial osteoblast precursors. The 

expression of OPG was 2.2-fold lower in the adiponectin-deficient osteoblast 

precursors than in the wild-type mice (Fig. 37A). The expression of RANKL was 

slightly decreased under the same condition (Fig. 37B). The RANKL/OPG ratio, an 

index of osteoclast activation, was 2-fold higher in the calvarial osteoblast 

precursors obtained from adiponectin-deficient mice than in those obtained from 

wild-type mice (Fig. 37C). These results suggest that adiponectin-deficient 

osteoblast precursors up-regulate RANKL/OPG ratio by decreasing OPG 

expression. 
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Figure 37. Adiponectin-deficient osteoblast precursors have up-regulated 

RANKL/OPG ratio by decreasing OPG expression. Calvarial cells were 

incubated with 1α,25-dihydroxyvitamin D3 (50 nM) for 3 days. The amounts of (A) 

OPG and (B) RANKL in the culture supernatants were determined by ELISA. (C) 

A RANKL/OPG ratio was calculated from protein amounts of RANKL and OPG. 

*P < 0.05 when compared with wild-type cells. WT, wild-type. APN-/-, adiponectin-

deficient. One of three similar results is shown. 
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2.4.2. Osteoclast differentiation is enhanced by osteoblast from adiponectin-

deficient mice through up-regulation of RANKL/OPG ratio  

To determine whether osteoclast differentiation is enhanced by up-regulated 

RANKL/OPG ratio of adiponectin-deficient osteoblast precursors, co-culture of 

osteoblast precursors with osteoclast precursors was examined because the co-

culture system has been used as a representative in vitro model to demonstrate 

dynamic interaction of osteoblast precursor and osteoclast precursor in the bone 

[43]. The expression of OPG was 2.8-fold lower but RANKL expression was 2-fold 

higher in the co-culture of adiponectin-deficient cells than in that of wild-type cells 

(Fig. 38A and B). Notably, RANKL/OPG ratio was 1.4-fold higher in the co-culture 

of adiponectin-deficient cells than in that of wild-type cells (Fig. 38C). As expected, 

the number of TRAP-positive MNCs was 4-fold higher under the same condition 

(Fig. 38D), implying that osteoclast differentiation is indirectly ameliorated by up-

regulating RANKL/OPG ratio of adiponectin-deficient osteoblast precursors. To 

investigate whether adiponectin inhibits osteoclast differentiation by down-

regulating RANKL/OPG ratio, adiponectin was treated in the co-culture condition. 

As shown in Fig. 39A, the expression of OPG was robustly increased in the 

osteoblast precursors from both mice. The level of RANKL was not detected under 

the same condition (Fig. 39B). In addition, adiponectin inhibited the generation of 

TRAP-positive MNCs in all co-culture groups (Fig. 39C). These findings indicate 

that adiponectin deficiency indirectly induces osteoclast differentiation by up-

regulating RANKL/OPG ratio of osteoblast precursors. 
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Figure 38. Up-regulation of RANKL/OPG ratio in adiponectin deficiency 

contributes to the increased osteoclast differentiation. Calvarial cells were 

seeded in 48-well plates for 6 h and then added BMMs in the presence of 1α,25-

dihydroxyvitamin D3 
(50 nM). At day 3, the culture supernatants were analyzed to 

determine the amounts of (A) OPG and (B) RANKL by ELISA. (C) The 

RANKL/OPG ratio was calculated from the amounts of RANKL and OPG. (D) At 

day 7, the cells were stained for TRAP and TRAP+-MNCs was enumerated. *P < 

0.05 when compared with co-culture of wild-type osteoblast precursors with wild-

type BMMs. One of three similar results is shown. OB precursor, calvarial 

osteoblast precursor. OC precursor, BMM. 
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Figure 39. Adiponectin inhibits osteoclast differentiation by up-regulating OPG 

expression. Calvarial cells were incubated with adiponectin (2 μg/ml) for 3 days. 

The amounts of (A) OPG and RANKL were determined in the culture supernatant 

by ELISA. (B) Calvarial cells were co-cultured with BMMs in the presence of 

1α,25-dihydroxyvitamin D3 
(50 nM) and/or adiponectin (2 μg/ml) for 7 days. After 

TRAP staining, the number of TRAP+-MNCs was counted. *P < 0.05 when 

compared with non-treated cells. One of three similar results is shown. rAPN, 

recombinant adiponectin. OB precursor, calvarial osteoblast precursor. OC 

precursor, BMM.  
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2.4.3. RANKL/OPG ratio is increased in the bone marrow of 

adiponectin-deficient mice 

To further investigate whether RANKL/OPG ratio is increased in adiponectin-

deficient mice, expression of OPG and RANKL was analyzed in bone marrow 

extracellular fluids and serum from wild-type and adiponectin-deficient mice. The 

expression of OPG and RANKL was significantly increased in both the bone 

marrow and the serum from adiponectin-deficient mice compared with those from 

wild-type mice. However, RANKL/OPG ratio was 1.7-fold higher in the bone 

marrow of adiponectin-deficient mice than in that of wild-type mice (Fig. 40A), 

while serum RANKL/OPG ratio was similar to both wild-type and adiponectin-

deficient mice (Fig. 40B). These findings indicate that up-regulated RANKL/OPG 

ratio influences decreased bone mass of adiponectin-deficient mice. 
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Figure 40. Increased RANKL/OPG ratio is observed in the bone marrow but 

not the serum of adiponectin-deficient mice. (A) The bone marrow extracellular 

fluids were obtained by flushing two tibias with 500 μl of pre-chilled PBS. (B) The 

serum was separated from blood of mice (n = 3 per group). The amounts of OPG 

and RANKL in the bone marrow and the serum were determined by ELISA. A ratio 

of RANKL/OPG was calculated from the amounts of RANKL and OPG. *P < 0.05 

when compared with wild-type mice.  
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2.5. Adiponectin deficiency facilitates RANKL-induced bone resorption 

    Finally, to investigate if adiponectin deficiency facilitates bone resorption, mice 

were intraperitoneally administrated with 200 µg per mouse of RANKL. Micro-CT 

analysis demonstrated that both trabecular bone volume and trabecular number in 

the femur of adiponectin-deficient mice were reduced as those in the femur of 

RANKL-treated wild-type mice. In addition, administration with RANKL 

significantly decreased trabecular number and increased trabecular separation in 

adiponectin-deficient mice but not the wild-type mice. Notably, the lowest bone 

volume was found in the femur of RANKL-treated adiponectin-deficient mice (Fig. 

41A and B), indicating that adiponectin deficiency could induce a condition 

favoring bone destruction. To further confirm in different skeletal sites of 

adiponectin-deficient mice, mouse calvaria were implanted with collagen sheets 

soaked in 5 µg per mouse of RANKL. Consistent with results of trabecular bone, 

calvarial bone volume of adiponectin-deficient mice was decreased as that of 

RANKL-treated wild-type mice. In addition, RANKL-induced bone resorption was 

also higher in the adiponectin-deficient mice than in the wild-type mice (the 

difference of resorbed calvarial volume between wild-type and adiponectin-

deficient mice: 0.35 ± 0.09 mm3, p = 0.0190 vs. 0.38 ± 0.11 mm3, p = 0.0002). 

Moreover, the lowest bone volume was also observed in the RANKL-implanted 

calvarial bone of adiponectin-deficient mice (Fig. 41C and D). Taken together, these 

findings suggest that adiponectin deficiency facilitates bone resorption. 
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Figure 41. Adiponectin deficiency facilitates RANKL-induced bone resorption.  

(A and B) Mice (n = 3 per group) were intraperitoneally administered with 200 μg 

of RANKL twice with a 4-day interval. (A) At day 7 after the administration, the 

distal femurs were scanned to obtain three dimensional micro-CT images. N.S., not 

significant. (B) The femurs were analyzed to measure the trabecular bone 

parameters. (C and D) Collagen sheets soaked with 5 μg of GST-RANKL were 

implanted on mouse calvaria (n = 3 per group). After 7 days, the calvaria were 

subjected to micro-CT analysis. *P < 0.05 when compared with non-treated groups. 
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Chapter IV. Discussion 

Controlling the osteoclastogenesis is important for an efficient treatment or 

prevention of bone diseases accompanying excessive osteoclastogenesis, such as 

bacteria-induced bone diseases and osteoporosis. Therefore, it is important to 

identify the molecular targets controlling osteoclastogenesis and to characterize 

their regulatory mechanisms. This study demonstrated that LTA and adiponectin 

inhibit osteoclastogenesis through distinct molecular mechanisms.  

 

1. Inhibitory role of LTA in osteoclastogenesis 

Bacterial infection could not only induce an immune response but also interfere 

with bone homeostasis by shifting the balance of osteoclasts and osteoblasts in the 

skeletal system. The prominent role of Gram-positive bacteria in chronic 

inflammatory bone diseases has received attention to the cell-signaling molecules 

such as MAMPs, and the responses of osteoclasts and osteoblasts in particular. Here, 

this study demonstrated that inactivated LTA-deficient S. aureus excessively 

induced bone destruction and enhanced osteoclastogenesis compared with wild-type 

S. aureus. Furthermore, the results showed that the LTA purified from S. aureus 

inhibited the generation of osteoclasts derived from both macrophages and 

committed osteoclast precursors, although S. aureus LTA alone affected neither 

bone destruction nor osteoclastogenesis. This study further identified action 

mechanisms for the S. aureus LTA-mediated inhibition of both osteoclast 

differentiation and bone resorption via (i) suppression of ERK, JNK, and AP-1 

activation through TLR2 with partial involvement with MyD88 pathway in the 

macrophages and (ii) suppression of MAPKs activation and actin polymerization 
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through TLR2-independent pathway in the committed osteoclast precursors, as 

summarized in Fig. 42. 

 

 

 

 

 

 

 

Figure 42. Schematic illustration of the proposed action mechanism of LTA on 

osteoclastogenesis. LTA inhibits osteoclast differentiation and bone resorption. LTA 

suppresses the activation of ERK, JNK, and AP-1 though TLR2 with partial 

involvement of MyD88 in macrophages. In addition, LTA inhibits the activation of 

MAP kinases, actin polymerization, and NFATc1 through TLR2-independent 

pathway in committed osteoclast precursors.  
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The study observed that LTA-deficient S. aureus augmented massive bone 

destruction and excessive osteoclastogenesis compared with wild-type S. aureus, 

indicating the possibility that LTA may inhibit osteoclastogenesis. Previous reports 

showed that LTA-deficient S. aureus possesses more potent pathogenic ability than 

the wild-type strain [95]. Administration with LTA-deficient S. aureus induced 

higher mortality rate in mouse than that of wild-type S. aureus [95]. In addition, 

LTA-deficient S. aureus was reported to be barely recognized in splenic 

macrophages and to be escaped from phagocytosis in drosophila hemocytes, leading 

to continuous activation of host immune cells followed by excessive inflammation 

[96]. Therefore, LTA-deficient S. aureus might continuously activate osteoclast 

precursors to differentiate osteoclasts leading to massive bone resorption 

LTA stimulating TLR2 inhibited the differentiation of macrophages to 

osteoclasts. However, this phenomenon is not restricted to LTA. Previous reports 

have demonstrated that TLR ligands originated from both bacteria and the host have 

also such effect [30, 41]. For example, LPS is reported to inhibit RANKL-induced 

osteoclast differentiation and activation through TLR4 [30]. P. gingivalis and 

bacterial lipoproteins are also reported to inhibit RANKL-induced 

osteoclastogenesis from macrophages through TLR2 [97]. Notably, previous reports 

showed that hyaluronan as an extracellular matrix component inhibits RANKL-

induced osteoclastogenesis through TLR4 [98].  

LTA inhibited M-CSF/RANKL-induced osteoclast differentiation from 

macrophages in this study. The inhibitory effect of LTA apparently required TLR2, 

but signaling through MyD88-dependent pathway was partially involved in this 

phenomenon. Almost all TLRs except TLR3 trigger MyD88-dependent signaling 

pathways [39]. Previous reports also showed that TLR2 and MyD88 are required for 

LTA-induced heme oxygenage-1 expression in human tracheal smooth muscle cells 

[85]. However, MyD88-independent pathway may also participate in TLR2 

signaling. For instance, acute ischemic renal injury was dependent on TLR2 
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signaling in conjunction with MyD88-independent and MyD88-dependent pathways 

[99]. Indeed, LTA inhibited LPS or TNF-α-induced neutrophil recruitment through 

TLR2-dependent and MyD88-independent pathway [100]. Thus, MyD88-

independent pathway may be also important for LTA-mediated inhibition of 

osteoclastogenesis. 

This study also demonstrated that LTA inhibited osteoclast differentiation from 

committed osteoclast precursors. Notably, LTA attenuated osteoclast differentiation 

triggered by S. aureus, virulence factors such as LPS and bacterial lipoproteins, 

TNF-α, and RANKL. Notably, the inhibitory effect of LTA stands in contrast 

finding in bacterial bone diseases such as bacterial arthritis, osteomyelitis, and 

periodontitis, which causes excessive osteoclastogenesis leading to massive bone 

resorption. Some possible hypotheses regarding this discrepancy can be made. First, 

LTA may have distinct properties unlike other MAMPs such as LPS and bacterial 

lipopeptides. LTA is less potent to trigger immune response than LPS or bacterial 

lipoproteins, and instead can negatively control immune response [86, 95]. Second, 

LTA would be recognized by various binding receptors expressed on committed 

osteoclast precursors. Several reports have suggested that LTA can inhibit robust 

immune response through binding to gelsolin or paired immunoglobulin-like 

receptor B (PIR-B) [86, 95]. Thus, LTA may inhibit osteoclastogenesis, unlike other 

MAMPs such as LPS and lipoproteins through unique mechanisms. 

The inhibitory effect of LTA on osteoclast differentiation from committed 

osteoclasts was mediated by attenuating MAPKs activation and actin 

polymerization via TLR2-independent pathway. This study could not fully resolve 

the TLR-independent pathway in the LTA-suppressed osteoclastogenesis, but could 

offer the possible mechanism conferred by LTA-binding proteins. Several reports 

have demonstrated that LTA-binding proteins such as gelsolin, CD14, and mannose-

binding protein (MBP) are able to either facilitate LTA-mediated immune responses 

or inhibit the LTA-induced immune responses [86, 95, 101, 102]. Among the LTA-
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binding proteins, gelsolin is a well-known actin binding protein responsible for 

actin filament assembly to regulate actin cytoskeleton [87]. A previous report 

showed that LTA directly binds to the active site of gelsolin, resulting in the 

impairment of gelsolin and actin dissociation [86]. Thus, the interaction of LTA with 

gelsolin might be an important mechanism for LTA-mediated inhibition of 

osteoclast differentiation contributing to suppression of severe bone resorption. 

Conclusively, the present study suggests that LTA might be an important factor 

capable of inhibiting osteoclastogenesis. LTA contributes to suppression of 

osteoclastogenesis through inhibition of intracellular signals required for 

osteoclastogenesis in committed osteoclast precursors as well as macrophages. 

These findings call for further research to develop effective therapeutics using LTA 

for the prevention and treatment of bone diseases. 

 

2. Inhibitory role of adiponectin in osteoclastogenesis 

Osteoporosis is a representative bone disease that has distinct characteristics of 

both decreased bone mass and increased bone marrow adiposity. Excessive 

generation of adipocytes could lead to a decrease of adiponectin production in bone 

marrow, which affects differentiation of both osteoclasts and osteoblasts. 

Nevertheless, the effect of adiponectin on bone metabolism has not been sufficiently 

investigated. Here, this study demonstrated that adiponectin-deficient mice showed 

decreased bone mass by both enhancing bone resorption and suppressing bone 

formation instead of increasing bone marrow adiposity by enhancing adipocyte 

formation. This study further identified three mechanisms for the decreased bone 

mass under the adiponectin deficiency via (i) skewed differentiation potential 

toward adipocytes of osteoblast precursors, (ii) up-regulation of RANKL/OPG ratio 

in osteoblast precursors, and (iii) degenerated differentiation of both osteoclasts and 

osteoblasts from their precursors, as summarized in Fig. 43.  
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Figure 43. Schematic illustration of the proposed action mechanism of 

adiponectin on osteoclastogenesis. Adiponectin directly induces osteoclast 

differentiation via inhibition of NFATc1 activation and IRF5 expression through 

polarization toward M2 macrophages with enhanced osteoclastogenic potential. In 

bone microenvironment, however, adiponectin inhibits osteoclast differentiation via 

down-regulation of RANKL/OPG ratio through induction of OPG production in 

osteoblast precursors. In addition, adiponectin induces differentiation of osteoblast 

precursors into osteoblasts rather than adipocytes contributing to an increase of 

bone mass. APN, adiponectin  
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Our findings that adiponectin deficiency decreased bone mass are in agreement 

with previous reports. Transgenic mice overexpressing adiponectin and adiponectin-

administered mice, both exhibited an increase of bone mass [70, 78, 103]. However, 

opposite results were also reported. Some reports showed that adiponectin-deficient 

mice exhibited normal bone mass [71, 72], increased bone mass below fourteen-

week-old mice [72, 73], or decreased bone mass by aging [73]. One possible 

explanation of this discrepancy is a difference in the genetic background of animals 

used in those studies. Consistent with the results observed in this study, Wu et al. 

also observed that adiponectin-deficient mice, considered congenic following ten 

generations of backcrossing into C57BL/6 mice, exhibited decreased bone mass but 

increased bone marrow adiposity [74]. However, such effects were not shown in 

adiponectin-deficient mice obtained before backcrossing ten generations [72, 73]. 

The other possible explanation is a difference of housing conditions. Bone 

metabolism is known to be affected by environmental factors such as chow 

materials, lighting, and the number of mice per cage [104-106]. Nevertheless, 

further study is needed to comprehensively address this question on the discrepancy. 

This study showed that adiponectin-deficient osteoblast precursors had weak 

osteoblastogenic potential but, instead, efficient adipogenic potential. Adiponectin 

has been reported to induce osteoblast differentiation and to inhibit adipocyte 

differentiation [77, 107]. Because osteoblasts and adipocytes differentiate from 

common mesenchymal cell lineage, attenuation of osteoblast or adipocyte 

differentiation can result in enhancement of adipocyte or osteoblast differentiation, 

respectively [8]. Adipokines have been reported to modulate differentiation of 

osteoblasts and adipocytes. For instance, leptin promoted osteoblast differentiation 

but inhibited adipocyte differentiation [59]. In contrast, chemerin attenuated 

osteoblast differentiation but increased adipocyte differentiation [64]. Notably, 

clinical studies also showed that plasma adiponectin levels are decreased in patients 

with type 2 diabetes mellitus accompanying decreased bone mineral density and 

increased bone marrow adiposity [108]. Therefore, adiponectin deficiency might 

skew differentiation of the mesenchymal cell lineages toward adipocytes rather than 
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osteoblasts, thereby contributing to decreased bone mass and increased bone 

marrow adiposity. 

Our results demonstrated that adiponectin deficiency increased RANKL/OPG 

ratio in both calvarial osteoblast precursor culture and bone marrow, resulting in 

enhancement of osteoclast differentiation. In contrast, treatment with adiponectin 

suppressed osteoclast differentiation by inducing OPG production, indicating that 

adiponectin can induce down-regulation of RANKL/OPG ratio. RANKL promotes 

osteoclast differentiation through recognition of RANK expression on osteoclast 

precursors, while OPG suppresses osteoclast differentiation through inhibition of 

RANKL-RANK interaction by sequestering RANKL [109]. Accordingly, up-

regulation of RANKL/OPG ratio can trigger excessive bone resorption leading to a 

decrease of bone mass, whereas down-regulation of that can attenuate bone 

resorption contributing to an increase of bone mass [109]. Previous reports have 

also shown that the RANKL/OPG ratio is up-regulated in the culture supernatants 

of mesenchymal stem cells obtained from patients with osteoporosis [110] and the 

bone of age-related osteoporosis mouse model [111]. Therefore, adiponectin 

deficiency might be one of important factors capable of up-regulating 

RANKL/OPG ratio, thereby leading to a decrease of bone mass. 

This study observed an increase of bone resorption in the femur of adiponectin-

deficient mice, implying that adiponectin-deficient osteoclast precursors would 

efficiently differentiate into osteoclasts. However, adiponectin-deficient 

macrophages were barely differentiated into osteoclasts even in the co-culture of 

wild-type osteoblast precursors. Some possible explanations regarding this 

discrepancy can be suggested. First, adiponectin-deficient macrophages had 

immunological features of M1 macrophages as well as weak osteoclastogenic 

potential in this study. Macrophages are classified into inflammatory M1 and anti-

inflammatory M2 macrophages [21]. Adiponectin induced M2 macrophages, but its 

deficiency promoted M1 macrophages [91, 112]. Several reports have suggested 

that M1 polarizing factors such as IRF5 and STAT1 inhibit osteoclast 
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differentiation [113, 114], whereas M2 polarizing factors such as IRF4 and PPARγ 

promote osteoclast differentiation [115, 116]. Notably, this study revealed that IRF5, 

a major transcription factor for macrophage plasticity, was important for 

determining osteoclastogenic potential depending on macrophage subtypes. Thus, 

weak osteoclastogenic potential of adiponectin-deficient macrophages is due to a 

feature of M1 macrophages. Second, the features of macrophages were analyzed in 

the absence of other cell types, such as osteoblasts, stromal cells, and immune cell. 

Osteoclast differentiation is controlled by interaction with other cell types as well as 

by osteoclastogenic potential of macrophages [20]. Importantly, osteoclast 

differentiation was enhanced in the co-culture with adiponectin-deficient osteoblast 

precursors in this study. Therefore, the interaction between osteoclasts and 

osteoblasts is crucial for elucidating the in vivo phenomenon. 

Adiponectin deficiency attenuated differentiation of both osteoclasts and 

osteoblasts in our study. Because appropriate bone turnover is required for 

maintaining normal bone mass through the balance between osteoclasts and 

osteoblasts [1], impaired differentiation of osteoclasts and osteoblasts can ultimately 

result in low bone turnover leading to various bone diseases, in particular age-

related osteoporosis [117] and chronic glucocorticoid-induced osteoporosis [118]. 

Notably, low bone turnover is observed in obese or type 2 diabetic patients with 

decreased levels of serum adiponectin [119, 120], suggesting that a decrease of 

adiponectin production may influence occurrence of bone diseases mediated by low 

bone turnover. Therefore, adiponectin deficiency might induce low bone turnover 

leading to the decrease of bone mass. 

Conclusively, in vivo and in vitro results in this study suggested that adiponectin 

deficiency might be an important factor for decreasing bone mass but, instead, for 

increasing bone marrow adiposity. Adiponectin could develop as an efficient target 

molecule for a treatment or prevention of bone diseases characterized by decreased 

bone mass with increased bone marrow adiposity. 
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리포 이 산과 아 포 틴에 한  
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목  

골조직  불필요한 골  시키는 골 포  새 운 골  생 하는 

조골 포  균 에 해 골 항상 이 지 다. 골 를 담당하는 

골 포는 천  면역 포인 식 포 부  분 하며, 골 포  

상  분 는 다양한 골질  병과 하게 연  에 

골 포 분 를 조 하는 것  골질  과 료에 매우 요하다. 

골 포  분 는 골 미 경에 존재하는 포  내인  인자들 뿐만 

아니라 미생  또는 미생  래 인자들에 해 향  는다. 특히, 

감염  골질  주요 원인균인 그람양 균  포 면에 

리포 이 산  하는데 재 지 골 포 분  조 에 

리포 이 산이 미 는 향에 해 는  보고   없다. 또한 

 골질 인 골다공증  골량  감소  함께 골조직 내 지 포가 

증가 는 특  가지는데, 지 포에  주  분 는 아 포 틴  

면역  사과 에 요한 역할  한다고 보고 었 나 골 항상 과 

골 포  분  조 에 미 는 향에 해 는 아직 명 하지 않다. 

라  본 연구에 는 골 포  분  조 에 리포 이 산과 

아 포 틴이 미 는 향에 해 알아보고 그 작용  규명하고자 

하 다. 



 

 

실험 법 

리포 이 산이 골 항상 에 여하는지 인하  해, 야생  

황색포도상구균 또는 리포 이 산-결여 균   복강 내 주입하거나 

황색포도상구균에  분리한 리포 이 산  지질펩타이드  단독 또는 

복합   개골 에 이식하 다. 골 포  분 는 질 포를 

거한 골 포를 macrophage colony-stimulating factor (M-CSF)  

양하여 얻  식 포를 이용해 M-CSF  receptor activator of NF-κB 

ligand (RANKL)과 추가 양하여 도하 며, 이  황색포도상구균 

또는 리포 이 산  함께 처리하 다. 또한 후  골 구 포인 

RANKL 이 처리  식 포를 이용하여 M-CSF 만 존재하는 

상태에  리포 이 산  황색포도상구균, 지질펩타이드, 내독소, 

종양 사인자-알 , 또는 RANKL 과 단독 또는 복합 처리하 다. 

골 포 분  조 에 아 포 틴  역할  규명하  해, 야생  

 아 포 틴-결여 를 이용하 다. 개골에  조골 구 포를 

분리한 후 조골 포 또는 지 포  분 를 도하 며, 골  래 

식 포를 이용하여 골 포  분 를 도하 다. 아 포 틴 결핍 

시 골 포 분 능  차이가 식 포 아 과 는지 인하  

해, granulocyte/macrophage colony-stimulating factor 에 해 분  M1 

식 포  M-CSF 에 해 분  M2 식 포를 사용하 다. 골 

미 경  변하는 시험  내 법인 조골 구 포- 식 포 

공 양  통해 골 포 분 를 도하 다. 생체 내 골 소실 도를 

인하  해, RANKL   복강 내 주입 또는 개골 에 

이식하 다.  

미 단 법  이용해 퇴골 내 소주골 또는 개골  골량  

분 하 다. 헤마톡실린/에 신 또는 tartrate-resistant acid phosphatase 

(TRAP)이 염색  조직 편에  골 , 골생 , 지 생   

인자들  하 다. 골 포 분 는 TRAP 염색 시  개 이상  핵  

갖는 TRAP-양  다핵 포  를 하여 인하 다. 골 포 



 

 칼슘인산-부착 에  포 양 후 생   면  하여 

평가하 다. 신 달인자  인산  c-Fos  NFATc1   도를 

Western blotting  인하 고, AP-1 과 NFATc1  DNA-결합  

electrophoric mobility shift assay 를 통해 인하 다. 조골 포 분 는 

alkaline phosphatase 또는 Alizarin Red S 염색 , 지 포 분 는 Oil 

Red O 염색  통해 인하 다. RANKL 과 osteoprotegerin (OPG)  

 포 양액, 청, 골  내 포외액  사용해 

효소면역 법  인하 다. 

 

결과 

리포 이 산-결여 황색포도상구균  야생  황색포도상구균에 해 

 강한 골 소실  했고, 후  골 구 포 부  골 포  

분 를 강하게 도하 다. 하지만 리포 이 산 단독  생체 내/외 

모 에  골 소실 또는 골 포 분 에 향  주지 않았다. 신 

리포 이 산  RANKL 에 한 식 포  골 포 분  

억 하 며, 이 억  톨 사 용체-2 (toll-like receptor 2, 

TLR2)를 경 하여 MyD88 존/ 존  경 를 통해 일어났다. 또한 

리포 이 산  황색포도상구균, 지질펩타이드, 내독소, 종양 사인자-

알 에 해 도 는 후  골 구 포 부  골 포 분  역시 

강하게 억 하 다. 이 억  TLR2 를 경 하지 않 며 골 포 

분   과   액틴 결합 에 필 인 액틴- 솔린  해리를 

억 하 다. 라  리포 이 산  골 포 분 를 직  

억 하는 핵심 인자임  인하 다. 

아 포 틴-결여 는 퇴골 또는 개골  골량이 상 에 해 

감소 어 있었고, 퇴골 내 골  증가, 골생  감소, 골 내 지  

증가 어 있었다. 생체 내 상과 동일하게, 아 포 틴-결여 에  

분리한 조골 구 포는 상 포   시 조골 포  분 는 억  

면 지 포  분 는 향상 었다. 하지만 골 포  분 를 인한 

결과 아 포 틴-결여 식 포가 상 포에 해 TRAP-양  

다핵 포  생 , 골 능, AP-1 과 NFATc1  DNA-결합 이 



 

히 억 었다.  또한 해  골 포 분 능  가진 아 포 틴 

결여  식 포는 M1 식 포  특  가지고 있었는데, M1 

식 포 분  핵심 인자인 인 페  조 인자 5   증가가 

RANKL 신 달  억 하  인 것  인하 다. 다른 한편  

골 미 경  변하는 조골 구 포  식 포  공 양 시, 

골 포 분 가 아 포 틴-결여 조골 구 포  공 양한 경우 

증가함  인하 다. 특히, 골 포 지 인 RANKL/OPG  

증가가 아 포 틴-결여 조골 포  양액과 아 포 틴-결여  

골  내 포외액에  동일하게 찰 었다. 또한 생체 내 골소실  

도가 아 포 틴-결여 에  상   시 증가하 다. 이를 

통해 아 포 틴이 골 포  조골 포  분 를 모  조 하는 

인자임  인하 다. 

   

결  

  이상  연구결과들 부  다 과 같  결  얻   있었다. 

리포 이 산  직  골 포 분 에 향  주지 않 나, 

골 포  인자들에 해 도 는 골 포  분 를 억 하는 

것  알  있었다. 아 포 틴  직  골 포 분 를 

향상시키나 조골 포 부  분 는 RANKL/OPG  억 하여 

궁극  골 포 분 를 억 하며, 복합  조골 포  분 는 

시  골량  증가시킨다. 결  리포 이 산과 

아 포 틴  골 포  분 를 억 함 써 궁극  골 사를 

조 하는데 여한다. 

 

 

 

 

주요어: 골 포, 식 포, 후  골 구 포, 아 포 틴, 

리포 이 산 
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