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Abstract 

Osteoclasts are cells which are primarily involved in bone remodeling and osteolytic bone 

diseases. Hyperactive osteoclastogenesis leads to pathological bone loss and microarchitectural 

deterioration, particularly in postmenopausal osteoporosis. However, given the limitations of 

current first-line osteoclast inhibitors, there is an urgent need for a novel antiresorptive agent 

with higher efficiency and fewer side effects. Cell-free fat extract (CEFFE) is the liquid fraction 

obtained from human adipose tissues, which are enriched with a variety of cytokines and growth 

Manuscript File Click here to view linked References
.CC-BY-NC-ND 4.0 International licensemade available under a

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 
The copyright holder for this preprintthis version posted July 31, 2022. ; https://doi.org/10.1101/2022.07.28.501821doi: bioRxiv preprint 

mailto:Zfyu@outlook.com
mailto:hanjun_li@aliyun.com
https://www.editorialmanager.com/redox/viewRCResults.aspx?pdf=1&docID=11585&rev=0&fileID=190519&msid=5d246c1e-0c13-42d1-ab5f-4fc69148ad5d
https://www.editorialmanager.com/redox/viewRCResults.aspx?pdf=1&docID=11585&rev=0&fileID=190519&msid=5d246c1e-0c13-42d1-ab5f-4fc69148ad5d
https://doi.org/10.1101/2022.07.28.501821
http://creativecommons.org/licenses/by-nc-nd/4.0/


  

2 

 

factors. This study aims to explore its pharmaceutical effect on hyperactive osteoclast formation 

in vivo and in vitro. CEFFE exhibits excellent potentials to attenuate osteoclast-associated bone 

loss in an ovariectomy (OVX) mouse model and to inhibit RANKL-induced osteoclastogenesis 

in primary bone marrow-derived monocytes. Furthermore, the cationic protein fraction of 

CEFFE (CEFFE-Cation) is identified as the main inhibitory component in osteoclast formation 

assay. Excessive reactive oxygen species (ROS) production is the main cause of osteoclast 

overactivation. According to LC-MS/MS analysis, the CEFFE-Cation fraction mainly consists 

of various antioxidant enzymes, extracellular matrix, and secreted cytokines, which endow it 

with a superior antioxidant capacity. Ca2+ signaling contributes to osteoclast maturation. In 

addition to scavenging ROS, CEFFE-Cation is also capable of mitigating Ca2+ oscillation, 

calcineurin activation, and subsequent NFATc1 nuclear translocation during osteoclastogenesis. 

Overall, this study elucidates the promising translational potential of CEFFE as a next-

generation personalized antiresorptive agent for osteolytic bone disease treatment. 

 

 

1. Introduction  

Hyperactive osteoclastogenesis causes unbalanced bone remodeling, which is a common 

feature of osteolytic bone diseases, such as osteoporosis, osteoarthritis, tumorous bone 

metastasis, and osteomyelitis [1-3]. Osteoporosis is a highly prevalent metabolic bone disease 

characterized by bone loss and deterioration of bone microarchitecture. Globally, an estimated 

200 million women have been diagnosed with osteoporosis; one in three women over the age 

of 50 years suffers from osteoporosis-related fractures, as do one in five men [4]. Osteoporosis 

is extremely painful and a financial burden to society. Although inhibiting bone resorption is a 

promising strategy to treat osteoporosis, commercially available antiresorptive medicines are 

still limited [5]. Presently, denosumab (a recombinant antibody targeting the receptor activator 

of nuclear factor-κB ligand [RANKL]) and zoledronic acid (a bisphosphonate) are the primary 

osteoclast inhibitors widely used in the clinic; however, long-term usage of these medicines 

could lead to multiple side-effects, including mandibular bone necrosis, hypocalcemia, and 

cystitis [6]. Therefore, the development of a novel antiresorptive agent with higher efficiency 

and fewer side-effects is urgently needed.  

Binding of RANKL to the receptor activator of nuclear factor-κB (RANK) is an essential 

step in activating the downstream signaling cascades needed for osteoclastogenesis, particularly 

the accumulation of intracellular reactive oxygen species (ROS) [7]. ROS, as major second 

messengers, further augment differentiation signals and activate the nuclear factor-κB (NF-κB) 
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and mitogen-activated protein kinase (MAPK) pathways, which crucially participate in 

osteoclast formation and bone resorption, as well as nuclear factor of activated T-cells 1 

(NFATc1) nuclear translocation, driving a wide range of osteoclast-specific gene expression 

[8]. In recent years, increasing evidence has showed the involvement of other signaling 

pathways in regulating osteoclast formation and function, among which the research on calcium 

(Ca2+) signaling has attracted the most extensive attention.  

Osteoclasts have been considered electrically stable cells, with the Ca2+ levels in 

osteoclasts or their precursors, bone marrow-derived monocytes (BMMs), remaining 

essentially stable. However, recent studies have found that sequential regenerative changes in 

intracellular Ca2+ levels, also known as Ca2+ oscillations, play an indispensable role in 

regulating osteoclastogenesis [9, 10]. Ca2+ oscillation activates calcineurin, a Ca2+-dependent 

serine/threonine phosphatase, which leads to the dephosphorylation of NFATc1. In addition, 

elevated Ca2+ levels are associated with increased intracellular ROS accumulation through 

mitochondrial impairment and activation of oxidant enzymes [11]. Therefore, targeting Ca2+ 

signaling is a potential therapeutic strategy to prevent hyperactive osteoclastogenesis.  

Adipose tissue and bones are closely connected and functionally interdependent in skeletal 

homeostasis. Adipose-derived factors play a crucial role in orchestrating the balance in bone 

remodeling [12]. Cell-free fat extract (CEFFE) is a water-soluble liquid mixture containing 

various growth factors and enzymes obtained from fresh adipose tissue. Owing to its easy 

accessibility, high biocompatibility, and low immunogenicity, CEFFE holds great promise for 

improving the treatment of various diseases. Our previous study reported that CEFFE attenuates 

tail suspension-related bone loss by inhibiting osteocyte apoptosis [13]. In addition, numerous 

studies have demonstrated that CEFFE can improve graft survival , accelerate diabetic wound 

healing [14, 15], increase skin thickness [16], enhance tissue regeneration [17], and promote 

neovascularization [18]. However, CEFFE’s therapeutic effectiveness on osteoclastogenesis 

hyperactivity remains poorly understood.  

In this study, we systemically investigated the pharmaceutical effect and underlying 

mechanism of CEFFE in hyperactive osteoclast formation and osteolytic bone disease. An 

ovariectomy (OVX) mouse model was established, which showed that CEFFE efficiently 

ameliorated osteoclast-associated bone loss and bone microarchitecture deterioration. 

Mechanistically, CEFFE not only scavenged both extra- and intracellular ROS but also 

suppressed RANKL-induced Ca2+ oscillation, calcineurin activation, and NFATc1 nuclear 

translocation, resulting in the suppression of hyperactive osteoclastogenesis. This study offers 
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a powerful foundation for future translational applications of CEFFE as next-generation 

personalized medicine in clinical practice. 

 

2. Results  

2.1. CEFFE protects against bone loss and microarchitecture deterioration in OVX mice 

CEFFE was prepared as previously described (Figure 1A) [15]. After a series of washes, 

mechanical emulsification, and centrifugation, fresh fat tissue was converted to water-soluble, 

non-immunogenic CEFFE. Previous studies confirmed that hyperactive osteoclastogenesis is 

the leading cause of bone loss in OVX mice [1]. Therefore, to investigate the effect of CEFFE 

on osteoclastogenesis in vivo, OVX mouse models were established and treated with CEFFE 

twice per week (Figure 1B). After six weeks of treatment, micro-CT (μCT) analysis of both 

tibial and vertebral trabeculae revealed that CEFFE significantly protected against bone loss 

and trabecular bone deterioration in OVX mice, as evidenced by an increase in the bone 

volume-to-total volume ratio (BV/TV), connection density (Conn. Dens.), and trabecular 

number (Tb. N), but a decreased trabecular separation (Tb. Sp) (Figure 1C-F). Consistently, 

μCT analysis of the middle tibia showed a higher cortical thickness (Ct. Th) in the OVX + 

CEFFE group compared to the OVX + PBS control group (Figure 1G-H). Furthermore, not 

only bone mass and microarchitecture but also bone mechanical properties were enhanced by 

CEFFE treatment. In a three-point bending assay, femurs from OVX + CEFFE mice exhibited 

a higher maximal load and elastic modulus than those from OVX + PBS controls (Figure 1I). 

Taken together, these results show that CEFFE efficiently prevented bone loss, 

microarchitecture deterioration, and bone fragility in OVX mice.  

 

2.2. CEFFE inhibits osteoclastogenesis in OVX mice 

Consistent with the μCT results, bone histomorphometric analysis according to 

hematoxylin & eosin (H&E) staining also revealed that BV/TV was significantly elevated after 

CEFFE treatment in OVX mice (Figure 2A, B). Simultaeously, amelioration of bone marrow 

adipose tissue enrichment by CEFFE treatment was also observed. To confirm the inhibitory 

effect of CEFFE on osteoclast formation, we examined osteoclasts on trabecular bone and 

periosteal bone using tartrate-resistant acid phosphatase (TRAP) staining (Figure 2C). As 

shown in Figure 2D, CEFFE treatment markedly decreased the TRAP+ osteoclast number in 

the OVX mice. Dendritic cell-specific transmembrane protein (DC-STAMP) is an essential 

inducer and core regulator of fused polykaryon formation during osteoclastogenesis [19]. To 

further validate our observations, we performed immunofluorescence (IF) staining of DC-
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STAMP in tibial sections (Figure 2E). As expected, OVX-induced DC-SATMP expression 

was attenuated by CEFFE treatment (Figure 2F). In summary, these data indicate that CEFFE 

markedly inhibited osteoclastogenesis in OVX mice.  

 

2.3. CEFFE suppresses osteoclast formation and bone resorption in vitro 

To verify our results in vitro, we studied the effect of CEFFE on RANKL-induced 

osteoclastogenesis in primary BMMs. First, the effect of CEFFE on BMM viability was 

assessed using a cell counting kit-8 (CCK-8) assay. CEFFE below 500 μg/mL exhibited no 

toxicity to primary BMMs, and no proliferation promotion effect was detected (Figure S1, 

Supporting Information). Next, we treated BMMs with various concentrations of CEFFE during 

RANKL-induced osteoclastogenesis. As illustrated by TRAP and F-actin ring staining, CEFFE 

effectively suppressed TRAP+ osteoclast differentiation and F-actin ring formation in a dose-

dependent manner (Figure 3A, B, D). Notably, CEFFE also attenuated osteoclast function in 

vitro, as shown by the decreased bone resorption pit area on hydroxyapatite-coated plates after 

CEFFE treatment (Figure 3C, D). Our previous study reported a wide range of osteoclast-

specific genes involved in osteoclastogenesis, including Trap, Ctsk, Dcstamp, Nfatc1, Atp6a3, 

and Atp6d2 [2, 20]. Their expression increased in a time-dependent manner after induction, 

indicating a progression of differentiation. Here, osteoclast-specific gene expression was 

quantified by real time qPCR (RT-qPCR) in BMMs treated with or without CEFFE under 

RANKL stimulation. As shown in Figure 3E, CEFFE significantly decreased the RANKL-

induced mRNA expression of these genes in a dose-dependent manner. Our results confirmed 

the inhibitory effect of CEFFE on osteoclast formation and bone resorption in vitro. 

 

2.4. CEFFE barely affects RANKL-induced MAPK or NF‐ κB activation 

NFATc1 and c-FOS are two major transcriptional factors driving osteoclast-specific gene 

expression; capthesin K, also known as CTSK, is responsible for the digestion of the bone 

matrix during bone resorption [21]. As shown by immunoblotting, CEFFE suppressed NFATc1 

and CTSK protein expression, which was consistent with the RT-qPCR results. Surprisingly, 

c-FOS protein expression was almost unaffected by CEFFE treatment (Figure 3F). 

Extracellular signal-related kinase (ERK), a major kinase in MAPK signaling, is a direct 

upstream kinase that drives c-FOS nuclear translocation. Next, we investigated whether CEFFE 

influenced RANKL-induced ERK activation (Figure S2, Supporting Information). Again, we 

observed that CEFFE had little effect on ERK phosphorylation. This indicated that the 

pharmaceutical effect of CEFFE may not be dependent on the ERK/c-FOS axis.  
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RANKL‐ dependent NF‐ κB activation is another major signalling pathway that initiates 

osteoclastogenesis [22]. This finding was unexpected and suggested that the NF-κB pathway 

activation was also unaffected by the presence of CEFFE (Figure S3, Supporting Information). 

In addition to MAPK/NF-κB signaling, AKT phosphorylation has also been reported to be an 

essential activator of osteoclast formation [23]. Although downstream NFATc1 expression was 

decreased after CEFFE treatment, upstream RANKL-induced AKT activation was still 

unaltered (Figure 3F; Figure S2, Supporting Information). Collectively, we postulate that the 

pharmaceutical effect of CEFFE might be mediated by NFATc1 but independent of MAPK, 

NF‐ κB, or AKT signaling.  

 

2.5. CEFFE-Cation is the major active component for inhibiting osteoclast formation 

CEFFE is a mixture of multiple proteins and non-coding RNA. To identify the major 

bioactive component of CEFFE, we first pre-incubated CEFFE with proteinase K (PK) or 

RNase A to separately remove the protein or RNA. The pre-digested products were then tested 

for RANKL-induced osteoclast differentiation. TRAP staining revealed that PK pretreatment 

efficiently attenuated the inhibitory effect of CEFFE on osteoclast formation, whereas RNase 

A pretreatment had little or no rescue effect (Figure 4A). Similarly, osteoclasts in the PK 

pretreatment group exhibited higher osteoclast-specific gene expression levels than those in 

cells incubated with pure CEFFE (Figure 4B). This result suggests that the proteins in CEFFE 

may be the main components responsible for inhibiting osteoclastogenesis.  

In contrast to RNA, which is negatively charged at physiological pH, the surface charge 

of a protein is determined by its isoelectric point. Based on the surface charge, CEFFE was 

subdivided into its anionic components (CEFFE-Anion), cationic components (CEFFE-Cation), 

and strong cationic components (CEFFE-Strong cation) using ion-exchange chromatography. 

Furthermore, CEFFE components with different surface charges were tested for RANKL-

induced osteoclast differentiation. As demonstrated in Figure 4C, the minimal TRAP+ 

osteoclast area was observed in the CEFFE-Cation group, followed by the CEFFE-Strong 

cation group, while CEFFE-Anions showed no inhibitory effect on osteoclast formation. 

Simultaneously, the same trend was observed in osteoclast-specific gene expression as detected 

by RT-qPCR (Figure 4D). Together, these data suggest that the CEFFE-Cation group, which 

mainly consists of positively charged proteins, is the major active component that inhibits 

osteoclast formation.  

 

2.6. Mass spectrometric identification of proteins in CEFFE-Cation 
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To investigate the detailed mechanism of the CEFFE-Cation group in inhibiting 

osteoclastogenesis, we performed Coomassie brilliant blue staining to visualize the bands of 

separated proteins, followed by liquid chromatography with tandem mass spectrometry (LC-

MS/MS) analysis. The proteins were enriched below 95 kD, indicating that the CEFFE-Cation 

group was dominated by small-molecule proteins. Notably, the mass spectrum analysis 

identified more than 500 proteins in the CEFFE-Cation group, and the highly enriched 

representative proteins are listed in Figure 5A. Most of the identified proteins were antioxidant 

enzymes, extracellular matrix proteins, and bioactive secreted cytokines. Meanwhile, several 

molecular functions and biological processes associated with antioxidation were significantly 

enriched in GO analysis, whereas KEGG analysis demonstrated that pathways related to cell 

metabolism and survival were preferentially targeted (Figure 5B, C). ROS in the 

microenvironment are essential factors that promote osteoclastogenesis. Therefore, we 

speculated that CEFFE-Cations functions by scavenging ROS to inhibit osteoclast formation. 

To validate our hypothesis, we assessed the total antioxidant capacity of CEFFE-Cations in a 

cell-free system. The results suggested that CEFFE-Cations displayed a superior antioxidant 

ability in a dose-dependent manner (Figure 5D).  

 

2.7. CEFFE-Cation mitigates intracellular ROS accumulation and NFATc1 nuclear 

translocation during RANKL-induced osteoclastogenesis 

To further study the antioxidant ability of CEFFE-Cations in the cell system, intracellular 

ROS accumulation was assessed using a dichlorodihydrofluorescein diacetate (DCFH-DA) 

probe in BMMs treated with and without CEFFE-Cations during RANKL-induced 

osteoclastogenesis. As expected, RANKL stimulation significantly augmented intracellular 

ROS production, whereas CEFFE-Cations alleviated ROS accumulation in BMMs in a time-

dependent manner (Figure 6A). Consistently, immunoblotting revealed that CEFFE-Cations 

markedly promoted the expression of major antioxidant enzymes, including SOD1, CAT, and 

GPX4 (Figure 6B). This indicates that CEFFE-Cation not only scavenges ROS in the 

microenvironment but also enhances the antioxidant capacity of BMMs during RANKL-

dependent osteoclastogenesis.  

ROS has been reported to augment NFATc1 activation [24]. As shown in Figure 3F, we 

observed a decrease in NFATc1 expression in BMMs after CEFFE treatment. However, 

whether CEFFE-Cations attenuate RANKL-induced NFATc1 activation remains unclear. Here, 

we examined the effect of CEFFE-Cations on NFATc1 nuclear translocation during RANKL-

dependent osteoclastogenesis by detecting the colocalization of DAPI (blue fluorescence) and 
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the NFATc1 signal (green fluorescence). As shown in Figure 6C, RANKL-induced nuclear 

import of NFATc1 was significantly diminished by CEFFE-Cation treatment. 

Dephosphorylation of NFATc1 results in a conformational change that exposes its nuclear 

localization signal and promotes nuclear import. To further verify our results, the nuclear and 

cytoplasmic proteins of BMMs treated with and without CEFFE-Cations under RANKL 

stimulation were extracted for immunoblotting analysis. As expected, CEFFE-Cations 

increased the phosphorylation of NFATc1 at Ser294 and inhibited its nuclear translocation 

(Figure 6D). The above experimental data indicate that CEFFE-Cations simultaneously 

mitigate intracellular ROS accumulation and NFATc1 nuclear translocation during RANKL-

dependent osteoclastogenesis.  

 

2.8. CEFFE-Cation suppresses Ca2+ oscillation and calcineurin activity during RANKL-

induced osteoclastogenesis 

In addition to ROS, calcium signaling is another major upstream pathway promoting 

NFATc1 nuclear import and RANKL-induced osteoclastogenesis [25]. To investigate whether 

CEFFE attenuated RANKL-induced NFATc1 activation by modulating Ca2+signaling, we first 

assessed intracellular Ca2+ levels using a Fluo-4AM probe in BMMs treated with and without 

CEFFE-Cations during RANKL-dependent osteoclastogenesis. RANKL stimulation induced a 

sustained elevation of Ca2+, while CEFFE-Cations reversed this trend and caused a reduction 

in intracellular Ca2+ (Figure 7A, C). This experiment was conducted from a static perspective. 

Next, we analyzed RANKL-induced Ca2+ oscillations in BMMs from a dynamic perspective. 

Intracellular Ca2+ changes were continuously monitored within 8 min in the presence or absence 

of CEFFE-Cations. As demonstrated in Figure 7B, RANKL evoked Ca2+ oscillations, whereas 

CEFFE-Cations completely abolished this RANKL-induced Ca2+ oscillation (Figure 7D; 

Movie S1-S3, Supporting Information). Generally, Ca2+ is a direct signaling molecule that 

activates calcineurin activity, and NFATc1 is regulated through Ca2+ or calcineurin-dependent 

serine dephosphorylation. As detected by RT-qPCR, CEFFE-Cations decreased the expression 

of calcium signaling-related genes, including calmodulin mRNA (Calm1) and calcineurin 

mRNA (Rcan1, Caln1, and Cnb1) (Figure 7E). Notably, CEFFE-Cation also exhibited a direct 

inhibitory effect on calcineurin activity in BMMs following RANKL stimulation (Figure 7F). 

In summary, these findings imply that CEFFE not only scavenges both extra- and intracellular 

ROS but also suppresses RANKL-dependent Ca2+ oscillations, calcineurin activation, and 

NFATc1 nuclear translocation, resulting in efficient inhibition of osteoclastogenesis (Figure 8). 
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3. Discussion 

Since the turn of the century, we have witnessed increasing evidence illustrating the 

crosstalk between fat and bone. Counterintuitive to what had been previously understood, 

numerous studies have reported the essential role of adipose tissue in maintaining bone 

homeostasis in various diseases [26, 27]. Thus, recent efforts have focused on developing new 

therapeutics based on fat extracts to modulate imbalanced bone remodeling. In this study, we 

identified positively charged proteins as the major bioactive component of cell-free fat extract 

(CEFFE), and further provided a direct insight into its pharmaceutical effect on inhibiting 

osteoclast formation. CEFFE treatment protects against bone loss, bone microarchitecture 

deterioration, and hyperactive osteoclastogenesis in OVX mice. Mechanistically, CEFFE, with 

its superior antioxidant capacity, effectively suppressed RANKL-induced ROS accumulation, 

and calcium signaling activation, resulted in the inhibition of NFATc1-dependent osteoclast 

differentiation.  

Adipose tissue is not only a fat-storage organ but also an endocrine organ that produces 

adipocytokines and metabolites. However, the beneficial role of fat products remains debatable. 

Obesity severely impairs skeletal health and serum lipid levels are inversely correlated with 

bone mass [28]. In contrast, a study by Kajimura et al. reported that adipose-derived adiponectin 

positively affected bone health at a young age with little effect at an older age [29]; Upadhyay 

et al. found that adipose-derived leptin provided a therapeutic option for osteoporosis in both 

human and animal studies [30]; and Kirk et al. revealed that adipose-derived insulin-like growth 

factor-1 (IGF-1) increased bone formation [31]. These different observations are not 

contradictory. We concluded that the effect of adipose tissue on bone homeostasis is highly 

age-related and dose-dependent; the adverse influence of fat tissue mainly comes from lipid 

and liposoluble metabolites. In this study, the lipid component of CEFFE was eliminated by 

serial centrifugation. According to LC-MS/MS analysis, the CEFFE-Cation fraction primarily 

comprised of water-soluble small-molecule proteins, including antioxidant enzymes, 

extracellular matrix, and bioactive adipokines. CEFFE preparation procedures not only retained 

the effective components but also minimized the deleterious influence of fat tissue. As a next 

step, we plan to elucidate the exact role and mutual effects of different CEFFE components.  

Although fat transplantation and adipose-derived stem cells (ADSCs) already exhibit 

superior therapeutic value for many diseases, their clinical application is hindered by the strong 

immunogenicity of adipose tissues and cells [32]. Allograft rejection brings a huge risk and 

healthy burden to patients. In contrast to adipose tissue, CEFFE contains no cells and few large-

molecule proteins; therefore, it has been proven to be safe with a wide range of indications and 
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minimal complications. In addition, CEFFE is characterized by easy accessibility, wide range 

of sources, and simple preparation procedures. These advantages ensure the effectiveness of 

CEFFE and further enhance its feasibility for clinical translation. 

In addition to inhibiting osteoclast formation, CEFFE has also been reported to possess 

anti-apoptotic, anti-inflammatory, and pro-proliferative effects. Xu et al. reported that CEFFE 

increased dermal thickness by promoting angiogenesis [16]. Xu et al. demonstrated that CEFFE 

prevents osteocyte apoptosis in a tail-suspension mouse model by attenuating ROS production 

[13]. Yin et al. found that CEFFE promoted diabetic ulcer healing by enhancing re-

epithelization [14]. In this study, we elucidated the mechanism by which CEFFE suppressed 

RANKL-induced ROS production and NFATc1 nuclear import. Considering that aging is 

accompanied by ROS production and cell apoptosis, CEFFE might be an efficient therapeutic 

agent for degenerative diseases, including osteoarthritis, vertebral disc degeneration, and 

diabetic osteoporosis. In the future, we intend to investigate the therapeutic effects of CEFFE 

in various clinical applications.  

Interestingly, we noticed that CEFFE barely affected RANKL-induced ERK, AKT, and 

NF-κB activation. This is acceptable because these signaling pathways are important, but not 

exclusive factors that initiate osteoclast differentiation. Consistent with our results, Li et al. 

reported that cell-penetrating peptides abrogated RANKL-stimulated NFATc1 expression 

without affecting RANKL-induced activation of the NF-κB, ERK, or Akt signaling pathways 

[33]. Similarly, Lee et al. found that lumican inhibited osteoclastogenesis but did not affect 

ERK phosphorylation [34]; Kim et al. also demonstrated that melatonin suppressed osteoclast 

formation in an ERK/c-FOS-independent way [35]. Therefore, to further elucidate the 

pharmaceutical mechanism of CEFFE, we focused on Ca2+ signaling, which was known to 

initiate osteoclastogenesis independently of NF-κB, ERK and Akt signaling. 

Calcium is an essential secondary messenger involved in a wide range of cell processes. 

Ca2+ signaling controls the survival, differentiation, fusion, and activation of osteoclasts [36]. 

NFATc1 nuclear import is a significant event in osteoclastogenesis [37]. Ca2+ oscillation 

facilitates the dephosphorylation of NFATc1 in a Ca2+/calcineurin-dependent way and 

promotes its nuclear import. In this study, CEFFE-Cations attenuated both intracellular Ca2+ 

accumulation and RANKL-induced Ca2+ oscillation in BMMs. Furthermore, calcineurin 

activity was also inhibited by CEFFE-Cations, resulting in the blocking of NFATc1 nuclear 

translocation and inhibition of its auto-amplification. Ca2+ signaling and ROS share a mutually 

promoting relationship [38]. The CEFFE-Cation group consists of various antioxidant enzymes, 

not only scavenges ROS in the microenvironment but also promotes endogenous antioxidant 
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enzyme expression, further enhancing the reserve antioxidant capacity of BMMs. Due to the 

simultaneous blockage of Ca2+ signaling and ROS accumulation, CEFFE exhibited a promising 

therapeutic effect of inhibiting bone resorption in unbalanced bone remodeling, as evidenced 

by the efficient protection against bone loss and microarchitecture deterioration in OVX mice.  

In summary, our study elucidated the pharmaceutical mechanism by which CEFFE 

prevents hyperactive osteoclastogenesis. Notably, CEFFE successfully protected OVX mice 

from bone loss and fragility. Mechanistically, CEFFE not only scavenges microenvironmental 

ROS but also suppresses RANKL-induced Ca2+ oscillation, calcineurin activation, and NFATc1 

nuclear translocation. Thus, CEFFE holds promising clinical translational prospects as a next-

generation personalized medicine for osteolytic disease treatment.  

 

4. Experimental Section  

4.1 CEFFE Preparation  

CEFFE was prepared and provided by Shanghai Stem Cell Technology Co., Ltd. 

(Shanghai, China). Briefly, fresh fat tissue was collected from healthy donors during liposuction 

procedures with fully informed consent. Then, the fat samples were washed, mechanically 

emulsified, centrifuged multiple times, and filtered through a 0.22 μm sterilizing filter (Corning, 

USA). The liquid phase of the fat extract was collected and stored at -80℃. The CEFFE protein 

concentration was determined using an enhanced BCA protein assay kit (Beyotime, China). To 

identify the distinct functions of different components of CEFFE, we predigested CEFFE with 

proteinase K (ST533, Beyotime, China; 0.5 μg/mL or 1.0 μg/mL) or RNase A (ST577, 

Beyotime, China; 30 μg/mL or 50 μg/mL) to isolate the protein and RNA components 

separately. Next, to further subdivide the protein components in CEFFE according to their 

isoelectric points, ion-exchange chromatography was performed using a HiTrap Q HP column 

(GE Healthcare, USA). In this process, CEFFE was divided into its anionic components 

(CEFFE-Anion), cationic components (CEFFE-Cation), and strong cationic components 

(CEFFE-Strong cation). All CEFFEs with different components were used in the subsequent 

biofunctional study.  

 

4.2 Mice and Ovariectomy (OVX) Model 

All animal experimental procedures were approved by the Animal Ethics Committee of 

Shanghai Ninth People’s Hospital (ethical approval number: SH9H-2020-A754-1). Twenty-

four 12-week-old C57BL/6J mice were obtained from Shanghai SIPPR BK Laboratory Animals 

Ltd. (Shanghai, China) and housed under specific pathogen-free (SPF) conditions throughout 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 31, 2022. ; https://doi.org/10.1101/2022.07.28.501821doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.28.501821
http://creativecommons.org/licenses/by-nc-nd/4.0/


  

12 

 

this study. After two weeks of adaptive feeding, the mice were randomly subdivided into three 

groups: a sham control group (Sham; n = 8), an OVX model with PBS treatment group (OVX 

+ PBS; n = 8), and an OVX model with CEFFE treatment group (OVX + CEFFE; n = 8). Each 

mouse underwent either a sham or bilateral ovariectomy. Eight weeks after surgery, the OVX 

mice were treated with PBS or CEFFE (50 mg/kg) twice a week. Six weeks after the first 

CEFFE treatment, all mice were euthanized and their bone samples harvested for subsequent 

evaluation.  

 

4.3 Micro-CT (μCT) Analysis  

The effect of CEFFE on the bone microarchitecture was evaluated in accordance with our 

previously published study [13]. Briefly, right tibias and vertebral bodies were harvested for 

high-resolution μCT analysis (μCT 80, Scanco, Zurich, Switzerland) at a resolution of 10 μm 

per voxel, 70 kV voltage, and 114 μA electric current. Quantification of microarchitecture 

parameters, including BV/TV (%), Tb.N (1/mm), Tb.Th (mm), Tb.Sp (mm), Conn. Dens (1), 

and Ct.Th (mm), were performed using Scanco software.  

 

4.4 Mechanical Property Evaluation  

The right femurs from the mice were harvested for the mechanical property test. Twenty-

four hours before testing, the bone samples were pre-incubated with 0.9% sodium chloride 

solution at 37°C. A three-point bending test was performed using a material-testing machine 

(Model 8874, Instron Corp., USA). The bone samples were loaded to failure at a displacement 

rate of 1 mm/s, and both load (N) and displacement (mm) were recorded throughout this process.  

 

4.5 Histology Analysis  

The left limbs of the mice were harvested for histological analysis. Briefly, bone samples 

were fixed using 4% paraformaldehyde, decalcified, embedded in paraffin, and sectioned into 

5 μm-thick slides. Hematoxylin and eosin (H&E) staining and tartrate-resistant acid 

phosphatase (TRAP) staining were performed to evaluate the protective effect of CEFFE on 

trabecular bone deterioration. IF staining was performed using antibodies against DC-STAMP 

(1:200, Millipore, USA). Finally, images were obtained using an optical microscope (Leica, 

USA), and quantitative bone histomorphometric analysis was performed using the Image-Pro 

Plus software (Media Cybernetics, USA). 

 

4.6 Bone-marrow Derived Macrophage (BMM) Isolation and Osteoclastogenesis  
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Primary BMMs from the femurs and tibias of 4-week-old C57BL/6J mice were isolated 

as previously described [39]. The BMMs were cultured in α-MEM medium supplemented with 

1% penicillin-streptomycin-gentamycin (Beyotime, China), 10% fetal bovine serum (Sigma, 

USA), and 25 ng/mL M-CSF (R&D Systems, USA). The medium was changed every three 

days until the BMMs reached 95% confluency. The viability of BMMs treated with CEFFE 

was quantified using a CCK-8 assay kit (Beyotime, China) following the manufacturer’s 

instructions. During osteoclastogenesis induction, BMMs were plated into 96-well or 24-well 

plates (3 × 104 cells per milliliter) in complete α-MEM culture media supplemented with 50 

ng/mL RANKL (R&D Systems, USA) and 25 ng/mL M-CSF (PeproTech, USA). The induction 

culture lasted for seven days, and the medium was refreshed every three days. On day seven, 

the mature osteoclasts were processed for subsequent analysis.  

 

4.7 TRAP Staining  

BMMs were plated in 96-well plates and cultured in osteoclastogenesis media with 

different treatments. After seven days of induction, mature osteoclasts were fixed for TRAP 

staining in vitro. A TRAP kit (Sigma-Aldrich, USA) was used for staining according to the 

manufacturer’s instructions. TRAP-staining images were obtained using an optical microscope 

(Leica, USA). TRAP+ osteoclast area per field was quantified using Image-Pro Plus software 

(Media Cybernetics, USA). 

 

4.8 F-actin Ring Analysis  

BMMs were plated in 24-well plates and cultured in osteoclastogenesis medium with 

different treatments. After seven days of induction, mature osteoclasts were fixed with 4% 

paraformaldehyde for 30 min, rinsed with PBS three times, and stained with rhodamine 

phalloidin (Abcam, UK) for 20 min. The cells were further counterstained with DAPI (Sigma-

Aldrich, USA) for 8 min before observation. Fluorescent images of F-actin rings were captured 

using a fluorescence microscope (Leica, USA), and the F-actin area per field was quantified 

using Image-Pro Plus software (Media Cybernetics, USA).  

 

4.9 Bone Resorption Analysis  

BMMs were plated into hydroxyapatite-coated OsteoAssay plates (Corning, USA) at a 

density of 3 × 104 cells/mL in osteoclastogenesis media with various treatments. After 10 days 

of induction, the cells were removed using a soft brush. Bone resorption pits on the 

hydroxyapatite-coated OsteoAssay plates were observed and captured using a phase-contrast 
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inverted optical microscope (Leica, USA). Quantification of the bone resorption area per field 

was performed using Image-Pro Plus software (Media Cybernetics). 

 

4.10 Real-time qPCR Analysis  

RT-qPCR was performed as described previously [40]. BMMs were plated in 24-well 

plates and cultured in osteoclastogenesis media with various treatments. After seven days of 

induction, the cells were harvested for total RNA isolation using TRIzol reagent (Invitrogen, 

USA). Reverse transcription PCR was performed using GoScript Super-Mix (Promega, USA), 

and RT-qPCR was performed using SYBR Green Super-Mix (Bimake, China) on an RT-qPCR 

machine (Applied Biosystems, USA). β-actin was used as the reference gene. All the primer 

sequences are listed in Table S1 (Supporting Information).  

 

4.11 Western Blot (WB) Analysis  

WB was performed as described in our previous study [41]. BMMs were plated in 24-well 

plates and cultured in osteoclastogenesis media with various treatments. After seven days of 

induction, cells were harvested for protein lysis using a nuclear and cytoplasmic protein 

extraction kit (Beyotime, China) with a protease phosphatase inhibitor cocktail (Beyotime, 

China). Proteins were then separated using SDS-PAGE, transferred to a PVDF membrane, 

blocked using 5% skim milk, incubated with primary antibodies, and detected using an infrared 

imaging platform (Odyssey, USA). The following antibodies were used in this study: anti-

NFATc1 (1:1000, Santa Cruz Biotechnology, USA), anti-p-NFATc1 (1:1000, Affinity 

Biosciences, USA), anti-c-FOS (1:1000, Proteintech, China), anti-CTSK (1:1000, Proteintech, 

China), anti-β-actin (1:1000, Proteintech, China), anti-histone H3 (1:1000, Abcam, USA), anti-

GPX4 (1:1000, Santa Cruz Biotechnology, USA), anti-CAT (1:1000, Proteintech, China), and 

anti-SOD1 (1:1000, Proteintech, China). For Coomassie brilliant blue staining, the protein 

bands of the CEFFE-Cations were stained using a Coomassie blue fast staining solution 

(Beyotime, China), following general protocols.  

 

4.12 Mass Spectrometry and Protein Identification  

The protein components in the CEFFE-Cation group were identified by liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) using a ChromXP Eksigent system, 

according to Guo et al. [42]. The data processing was performed with a Mascot software. We 

also revived technological support from the biotechnology company Oebiotech (Shanghai, 

China). 
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4.13 Total-Antioxidant Capacity (T-AOC) Analysis  

The T-AOC of CEFFE-Cations in a cell-free system was quantified using a total 

antioxidant capacity assay kit (Nanjing Jiancheng Biotechnology Institute, Nanjing, China) 

according to the manufacturer’s protocol.  

 

4.14 Intracellular ROS Measurement  

Intracellular ROS levels were evaluated using a reactive oxygen species assay kit 

(Beyotime, China) according to the manufacturer’s instructions. Briefly, BMMs were plated 

and stimulated with RANKL (50 ng/mL), M-CSF (25 ng/mL), and CEFFE-Cation (100 μg/mL) 

for two and four days, respectively. The cells were then loaded with 10 μΜ DCFH-DA probe 

in Hank’s solution for 15 min. Images were obtained using a laser confocal fluorescence 

microscope (Leica TCS-SP8). 

 

4.15 Immunofluorescent Staining  

Nuclear translocation of NFATc1 was evaluated by immunofluorescence staining. First, 

BMMs were plated and stimulated with RANKL (50 ng/mL), M-CSF (25 ng/mL), and CEFFE-

Cation (100 μg/mL) for two and four days, respectively. The cells were then fixed with 4% 

paraformaldehyde, permeabilized with 0.2% Triton, blocked with 5% BSA, and incubated with 

anti-NFATc1 primary antibody (1:100, Santa Cruz Biotechnology, USA) at 4°C overnight. 

Next, a fluorescent secondary antibody was used to visualize the NFATc1 protein, and nuclei 

were stained with DAPI. Images were obtained using a laser confocal fluorescence microscope 

(Leica TCS-SP8).  

 

4.16 Intracellular Calcium Levels and Oscillation Assessment 

A Fluo-4 AM probe (Beyotime, China) was used to measure intracellular Ca2+ levels 

according to the manufacturer’s protocols. Briefly, BMMs, which had been precultured for two 

days with the indicated treatments, were loaded with a 2 μM Fluo-4 AM probe in Hank’s 

solution for 30 min. After rinsing, the cells were incubated with Hank’s solution containing 5% 

FBS and continuously stimulated with the indicated treatments. Osteoclast precursors were 

excited at 488 nm, and the fluorescent signal at 510-530 was monitored at 1-sec intervals for 8 

min under a Leica TCS-SP8 confocal microscope. Intracellular Ca2+ levels and oscillations 

were quantified using the Leica LAS-X software.  
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4.17 Calcineurin Activity  

Cellular calcineurin activity was evaluated using a cellular calcineurin phosphatase 

activity assay kit (ab139464, Abcam, USA), following the manufacturer’s instructions. Briefly, 

BMMs were plated into 6-well plates and stimulated with RANKL (50 ng/mL), M-CSF (25 

ng/mL), and CEFFE-Cation at different concentrations for one day. The cells were then lysed 

and desalted by gel filtration. Calcineurin substrate was added to cell extracts from pretreated 

cells with or without EGTA buffer. Finally, a microplate reader was used for colorimetric 

measurements at 620 nm.  

 

4.18 Statistics  

All data in this study are presented as mean ± SD. Significant differences between the two 

groups were analyzed using the student’s t-test. Significant differences between more than two 

groups were analyzed using one-way analysis of variance (ANOVA) with Tukey’s post-hoc 

test. Statistical significance was set at P < 0.05.  

 

Supporting Information  

Supporting Information is available Online or from the author. 
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Figure 1. CEFFE protects against bone loss and microarchitecture deterioration in OVX mice. 

(A) Workflow diagram of CEFFE preparation. (B) Schematic illustration of the animal 

experiment design. Eight weeks after OVX modeling, the mice were treated with PBS or 

CEFFE twice a week separately. (C-F) 3D μCT images of tibial trabecular bones and vertebral 

bodies at six weeks after PBS or CEFFE treatment. Quantitative analysis of bone 

microarchitecture parameters of trabecular bones and vertebral bodies. (G, H) 3D μCT images 

of cortical bones from the midshaft of tibia at six weeks after PBS or CEFFE treatment. 
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Quantification of cortical thickness. (I) Maximal load and elastic modulus of femur detected by 

three-point bending assay at six weeks after PBS or CEFFE treatment. n=8, “*” indicates P < 

0.05; “**” indicates P < 0.01. 
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Figure 2. CEFFE inhibits osteoclastogenesis in OVX mice. (A, B) H&E staining of tibial 

sections. Quantification of trabecular BV/TV based on H&E staining. (C, D) TRAP staining of 

tibial sections. The TRAP+ osteoclast/bone surface (N.Oc/BS) was quantified based on TRAP 

staining. (E, F) IF staining of DC-STAMP on the trabecular bone and periosteal bone. 

Quantification of DC-STAMP expression based on IF staining. n=8, “**” indicates P < 0.01. 
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Figure 3. CEFFE suppresses osteoclast formation and bone resorption in vitro. (A, B) TRAP 

staining and F-actin ring staining of BMMs treated with various concentrations of CEFFE under 

RANKL stimulation. (C) Representative images of bone resorption pits on the hydroxyapatite 

plates after treatment with various concentrations of CEFFE. (D) Quantification of TRAP+ area, 

F-actin area, and bone resorption area per field. (E, F) Osteoclast-specific genes (Trap, Ctsk, 

Dcstamp, Nfatc1, Atp6a3, and Atp6d2) and proteins (NFATc1, c-Fos, and CTSK) expression 

in BMMs treated with various concentrations of CEFFE under RANKL stimulation. β-Actin 

was used as the internal control. n=3, “**” indicates P < 0.01. 
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Figure 4. CEFFE-Cation is the major active component for inhibiting osteoclast formation. (A, 

B) CEFFE was predigested with proteinase K or RNase A to remove protein or RNA 

components separately. CEFFEs with different components (100 μg/mL) were tested via an 

osteoclast formation assay under RANKL stimulation. TRAP staining and osteoclast-specific 

gene (Trap, Ctsk, Dcstamp, Nfatc1, Atp6a3, and Atp6d2) expression of BMMs were presented. 

(C, D) CEFFE was further subdivided into anionic proteins (CEFFE-Anion), cationic proteins 

(CEFFE-Cation), and strong cationic proteins (CEFFE-Strong cation) by ion-exchange 

chromatography. CEFFEs with different surface charges (100 μg/mL) were tested in osteoclast 

formation assays under RANKL stimulation. TRAP staining and osteoclast-specific gene (Trap, 

Ctsk, Dcstamp, Nfatc1, Atp6a3, and Atp6d2) expression of BMMs were presented. n=3, “**” 

indicates P < 0.01. 
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Figure 5. Mass spectrometric identification of proteins in the CEFFE-Cation fraction. (A) 

Coomassie brilliant blue staining of fractionated CEFFE-Cations was presented. Furthermore, 

21 specified functional proteins in the CEFFE-Cation fraction were identified by LC-MS/MS 

analysis. (B, C) GO and KEGG enrichment analysis based on the identified proteins in the 

CEFFE-Cation group by LC-MS/MS. (D) The total-antioxidant capacity of the CEFFE-Cation 

group was assessed in a cell-free system. n=3, “*” indicates P < 0.05; “**” indicates P < 0.01. 
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Figure 6. CEFFE-Cations mitigate intracellular ROS accumulation and NFATc1 nuclear 

translocation during RANKL-dependent osteoclastogenesis. (A) Fluorescent ROS staining of 

BMMs treated with/without CEFFE-Cations after two or four days’ RANKL stimulation. (B) 

Expression of major antioxidant enzymes (CAT, SOD1, and GPX4) in BMMs after CEFFE 

treatment. (C) Immunofluorescent staining of NFATc1 in BMMs treated with and without 

CEFFE-Cations after two or four days’ RANKL stimulation. (D) Immunoblotting showing p-

NFATc1 expression in cytosol and NFATc1 enrichment in nucleus after CEFFE treatment. n=3. 
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Figure 7. CEFFE-Cations suppress Ca2+ oscillation and calcineurin activity during RANKL-

dependent osteoclastogenesis. (A) Fluorescent staining of Ca2+ in BMMs treated with and 

without CEFFE-Cations under RANKL stimulation. (B) BMMs under the indicated treatments 

were loaded with Fluo-4AM fluorescent probe for Ca2+ imaging. The intracellular Ca2+ signals 

were continuously monitored for eight min. Each color indicates an individual cell in the field. 

Notably, Ca2+ oscillation evoked by RANKL was significantly inhibited by CEFFE-Cations. 

(C) Quantification of intracellular Ca2+ levels based on (A). (D) Quantification of Ca2+ 

oscillation intensity in the field based on (B). (E) The expression of calcium signaling-related 

genes (Calm1, Rcan1, Caln1, and Cnb1) was detected by RT-qPCR after CEFFE-Cation 

treatment. (F) The assessment of calcineurin activity in BMMs treated with various 

concentrations of CEFFE-Cation during RANKL-dependent osteoclastogenesis. n=3, “*” 

indicates P < 0.05; “**” indicates P < 0.01. 
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Figure 8. Schematic diagram showing the mechanism by which CEFFE protects against 

hyperactive osteoclastogenesis and modulates calcium signaling with antioxidant capacity. As 

identified by mass spectrometry, CEFFE contains a wide range of antioxidant enzymes and 

secreted cytokines. Mechanistically, CEFFE not only scavenges both extra- and intracellular 

ROS, but also suppresses RANKL-dependent Ca2+ oscillation, calcineurin activation and 

NFATc1 nuclear translocation, resulting in the efficient inhibition of osteoclastogenesis.  
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