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1. English summary 

1.1 Introduction 

The ageing of the global population is a central theme in healthcare practice 

and research during the first half of the 21st century. According to WHO survey 

data, the elderly population is projected to surge from 2000 to 2050. Especially, 

the numbers of individuals older than 60 and 80 are expected to double and 

triple respectively (Bautmans et al., 2022). Meanwhile, the low birth rate, along 

with staff shortage and insufficient treatment capacity, is loading increasing 

burden on overwhelmed healthcare system. Taking nursing as an example, 

there were 590,000 vacancies in European nursing in 2020, and this gap 

continues to widen (Tamata et al., 2023). According to epidemiological studies, 

inindividuals over 50 are at high risk for osteoporosis (OP), with the incidence 

being twice as high in women as in men. Postmenopausal women are high-risk 

population but not alone. In addition to estrogen withdrawal and ageing, factors 

such as inappropriate use of steroids, insufficient intake of calcium and vitamin-

D, smoking, and alcohol abuse contribute to the development of OP (Lane 2006, 

Le Dare et al., 2019). 

 

Unlike other aging-related diseases, OP is often overlooked because its primary 

symptom, bone mass loss, is not immediately noticeable. However, the 

complications of OP can be severe, even life-threatening. Fractures associated 

with OP are particularly concerning, as they frequently result in serious clinical 

consequences. Clinical data demonstrated that the frequently-occurring sites 

are forearms, hip, and vertebrae (Clynes et al., 2020). Notably, hip fracture, 

usually resulting from fall from standing, is associated with high morbidity, 

nearly 100 % hospitalization, and most post-fracture complications such as 

pressure sores, bronchopneumonia, and osteonecrosis of the femoral head 

(ONFH) (Assouline-Dayan et al., 2002, European Prospective Osteoporosis 
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Study et al., 2002). Moreover, OP is closely linked to cervical spondylosis, 

lumbar vertebrae disease, arthritis, and pain (Alsoof et al., 2022, Funck-

Brentano et al., 2011, Oleksik et al., 2000). 

 

According to a survey on the proportion of medical expenditure by various 

diseases in the United States between from 2000 to 2011, the in-hospital cost 

due to osteoporotic fractures (OF) was approximately 5.1 billion per year, 

surpassing that of myocardial infarction and stroke. The highest cost of OF was 

attributed to the large number of hospitalizations which was 4.9 million cases in 

total (Singer et al., 2015). An estimate in 2010 predicted that the medical cost 

incurred by osteoporotic hip fracture alone would excess $130 billion by 2050 

(Harvey et al., 2010). Regrading Europe, a European guidance for osteoporosis 

reported that the disease accounted for a direct cost of 38.7 billion in 27 EU 

countries over the past decade. The guideline also noted that the most fatal 

complications of OP are hip and spine fractures, which account for 50 % and 

28 % of the osteoporosis-related deaths, respectively (Kanis et al., 2013). 

Beyond the measurable expenditure, the potential costs in other areas are too 

numerous to count.  

 

The complexity of OP in terms of etiology and diagnosis is related to its 

multifaceted cellular and molecular mechanisms. In essence, the pathological 

causes of OP can be concluded as an imbalance in bone remodeling, including 

inadequate osteogenesis or exceeded bone resorption. Throughout life, bone 

remodeling is a continuous process mediated by two distinct cell types: 

osteoclasts (OCs), which resorb obsolete bone, and osteoblasts (OBs), which 

form new bone through mineralization. When the bone remodeling is out of this 

delicate dynamic balance, OP develops. Among these processes, excessive 

bone resorption by OCs plays a dominant role in the development of 

imbalances (Andersen et al., 2009, Katsimbri 2017, Kim et al., 2020). 
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Based on the understanding of the pathological mechanism of OP, OC has 

been identified as a crucial target for prevention and alleviation of osteoporosis. 

Numerous therapies have been developed to inhibit OC differentiation and 

function, including denosumab, bisphosphonates, parathyroid hormone 

analogues, and estrogen-related therapy (LeBoff et al., 2022, Reid et al., 2022). 

However, these therapies are not without limitations. For instance, denosumab, 

a targeted therapy, is associated with a significant rebound effect, leading to 

multiple spontaneous vertebral fractures upon discontinuation. The current 

solution is consolidative bisphosphonate treatment after denosumab dose. 

Nevertheless, an exact and effective strategy for consolidative therapy remains 

elusive (Lamy et al., 2019). Bisphosphonates, which are the same first-line 

therapies like denosumab, are not perfect. In addition to causing stress on 

digestive and metabolic organs (stomach, liver, and kidneys), long-term 

bisphosphonate use increases the risk of atypical subtrochanteric and 

diaphyseal femoral fractures, as well as osteonecrosis of the jaw (Khan et al., 

2015, Shane et al., 2014). The conception of “drug holiday” has been 

introduced to minimize potential side-effects of continuous bisphosphonate 

treatment. However, current clinical algorithms are not consistent due to 

different daily habits and customs of individuals (Lee et al., 2015, Li et al., 2013). 

 

Therefore, in our study we sought to propose a novel potential solution from a 

different perspective. Previous studies have reported that M2 macrophages 

serve as a negative regulator of OCs differentiation and function, whereas M1 

macrophages are the precursors of OCs, in addition to secreting pro-

osteoclastogenic cytokines (Hu et al., 2023, Kim et al., 2009, Munoz et al., 2020, 

Souza et al., 2013). We identified an underexplored compound, Arcyriaflavin A 

(ArcyA), which has been reported to promote M2 polarization (Hu et al., 2021). 

Building on this, we evaluated ArcyA’s cytotoxicity and bio-safety, and further 

investigated its potential effects on osteoclastogenesis in both in vitro and in 

vivo. Our findings demonstrated, for the first time, that ArcyA inhibited OC 
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differentiation and function in vitro, and ameliorated estrogen deprivation-

induced OP in mouse models. 

 

1.2 Method and Material 

1.2.1 Cell Culture 

The study primarily focused on osteoclasts. Hence the induction of OCs from 

bone marrow derived macrophages (BMMs) was the cornerstone. 

In the laboratory setting, the RAW 264.7 cell line and primary cells are both 

commonly used for OC differentiation. In this study, primary cells were used 

because they more closely resemble the in vivo situation, compared to a cell 

line that underwent multiple passages.  

 

Following euthanasia, tibiae and femora were harvested from 6-week-old 

C57BL/6 mice (Charles River Laboratories Germany). During dissection, 

contamination with other tissues (hair, skin, fat tissue, and muscle) ought to be 

carefully avoided. 

 

Contaminants from hair and skin could introduce external pollutants into the 

culture system; while fibroblast from muscle tissue might interfere with 

differentiation and migration of OC precursors. 

 

To extract bone marrow, the bone marrow cavity was fully exposed. A 1-mL 

syringe was used to flush out the bone marrow from tibia and femora. To avoid 

cell damage, repetitive aspiration was minimized. 1 mL pipette tips (Eppendorf 

Vertrieb Deutschland GmbH, Germany) were employed for cell resuspension.  

 

The resuspended bone marrow was cultured in a 100 x 22mm tissue culture 
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dish (Th. Geyer, Germany, Art-Nr: 7696774) with 10mL of M-CSF+αMEN 

medium (details of the medium composition are provided later) for 24 hours. 

During the first 24 hours, BMMs adhered the bottom of the plate, while non-

adherent cells (e.g., red blood cells and platelets) were removed during a 

medium change. It is crucial to replace the medium and wash with dulbecco's 

phosphate-buffered saline (DPBS, Gibco, Thermo Fisher MA, USA, 

REF:14190-094) gently as the adherence of BMMs at this stage is not tight. 

 

Usually, the maturation of BMMs typically requires 4-5days. Mature BMMs 

appear mostly polygonal, with rare pseudopodia, and are half-adherent (This is 

very similar to RAW264.7 cells). Trypsin-Ethylenediaminetetraacetic acid 

(Trypsin-EDTA, Gibco, REF: 15400-054) is commonly used for passage and 

seeding of BMMs, but not for detachment. A short trypsinization (1-2 minutes) 

prevents cell damage caused by shear force during pipetting. 

 

Depending on experimental purposes, BMMs can be seeded into different 

plates at various cell densities. After 24 hours for adherence and adaptation, 

the macrophage colony-stimulating factor (M-CSF) + αMEN was replaced by 

receptor activator of nuclear factor kappa-B ligand (RANKL) + αMEM medium, 

marking this time point as day0. 

 

Under the induction of RANKL, BMMs differentiated to OCs over 5-6 days. By 

day1, some cells became round. From day3 to day5, cell fusion occurred, and 

multinuclear cells began to form and mature (Figure1). 
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Figure1: The osteoclast differentiation procedure. M-CSF is essential for 
macrophages differentiating from myeloid progenitors. Therefore, the presence of M-
CSF in the early phase is necessary for the sufficiency of mature BMMs at day0. 
Insufficient BMMs lead to lack of OC precursors and further failure of multinuclear cell 
formation. The image is drawn using Microsoft Office PowerPoint. 

1.2.2 Medium composition 

BMM induction medium was prepared using complex alpha-Minimum Essential 

Medium (α-MEM) medium adding mouse M-CSF (Miltenyi Biotec, Germany, Nr. 

130-094-129) at a concentration of 50ng/mL. To prepare OCs induction medium, 

RANKL (Miltenyi Biotec, Nr. 130-094-646) at a concentration of 50ng/mL was 

added to the BMM induction medium. 

 

Complex α-MEM was prepared by supplementing Alpha minimum essential 

medium (α-MEM, Gibco, REF: 22571-020) with the following components: 

Penicillin-Streptomycin (P/S, Gibco, REF: 15140-122) preventing potential 

contamination, HEPES (Carl Roth, Germany, Art-Nr: HN78.2) for pH 

stabilization, fetal bovine serum of U.S. origin (Gibco, REF: 26140-079) and L-

Glutamine 200mM (Gibco, REF: 25030-024) providing essential nutrients for 

cell growth. 

The ratio is 10mL Penicillin-Streptomycin, 1g 4-(2-hydroxyethyl)-1-piperazine 
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ethanesulfonic acid (HEPES), 10mL L-Glutamine, 50mL serum for every 500mL 

α-MEM. 

 

Notably, L-Glutamine is critical for proliferation of actively dividing cells but is 

unstable in solution. Therefore, the medium containing L-Glutamine should be 

used promptly after preparation. 

 

For a clearer expression of the media composition, the formulas of medias for 

various experimental purposes are listed below: 
M-CSF medium RANKL medium 

α-MEM 500mL α-MEM 500mL 
Penicillin/Streptomycin (P/S) 10mL P/S 10mL 
Fetal bovine serum 50mL Fetal bovine serum 50mL 
L-Glutamine 10mL L-Glutamine 10mL 
HEPES 1g HEPES 1g 
M-CSF 50ng/mL M-CSF 50ng/mL + RANKL 50ng/mL 

1.2.3 Arcyriaflavin A preparation and biosafety 

Arcyriaflavin A (ArcyA) was obtained from Santa Cruz Biotechnology (TX, USA, 

CAT:sc-202470, CAS No:118458-54-1). For long-term storage, ArcyA was kept 

in dry powder form at -80°C. For routine use, ArcyA was dissolved in Dimethyl 

sulfoxide (DMSO) at a concentration of 10mM in -20°C for accessibility. DMSO 

was produced by AppliChem GmbH (Germany, Nr. A3672). Based on different 

experimental requirements, the stock solution can be further diluted to achieve 

the wanted working concentrations. 

 

WST-8 (2-[2methoxy-4-nitrophenyl]-3-[4-nitrophenyl]-5-[2,4-Disulfophenyl] -

2H-tetrazolium) solution (Cell Counting Kit-8, Dojindo Laboratories, Japan, 

Code No. CK04) provides a simple and rapid method for accurately assessing 

cell viability. BMMs were seeded in 96-well plates (Greiner, Austria, Cat-

No.655180) at a density of 1x10^4 cells per well and divided into 4 groups, 
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including one control group (5 wells per group). The BMMs were firstly cultured 

in M-CSF medium for 24h adaption and then treated with ArcyA at various 

concentrations (0μmol/mL [DMSO only], 1μmol/mL, 2.5μmol/mL, and 

5μmol/mL). The cells were cultured under the presence or absence of ArcyA for 

5 days with medium changes every two days. On day 5, 10μL WST-8 solution 

was added to each well and incubated at 37℃ for 4 hours. A separate row of 

wells without cells, containing 100μL medium with ArcyA at concentrations 

matching the experimental groups, were included as blank control to account 

for potential interference from ArcyA. The absorbance of 450nm, reflecting cell 

viability, was measured by the SPARK® Microplate reader (Tecan Deutschland 

Gmbh, Germany). 

1.2.4 Phenotype Assay 

The number of tartrate resistant acid phosphatase (TRAP) positive cells and 

OC area are commonly used microscopy parameters to evaluate the activity of 

OC differentiation. 

 

We employed the same cell seeding strategy for both TRAP and florescence 

staining: BMMs were seeded in 96-well plates at a density of 1x10^4 cells per 

well. During the first 24h after seeding, the cells were cultured with M-CSF 

medium for adaption. Following the adaption period, M-CSF medium was 

replaced by medium with different supplements corresponding to grouping 

strategy.  

The grouping was as following:  
 NC PC 1μmol/ml 5μmol/ml 

M-CSF 50ng/ml 50ng/ml 50ng/ml 50ng/ml 
RANKL / 50ng/ml 50ng/ml 50ng/ml 

Arcyriafiavin A / / 1μmol/ml 5μmol/ml 
(NC represents Negative control; PC represents Positive control) 

BMMs were cultured with in respective medium for 5 days, with medium 
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changes every 2 days. By day 5, the culture was terminated, and cells were 

fixed with 4 % formalin (Roti®Histofix, Carl Roth, Germany, Art.-Nr. P087.5) for 

TRAP staining, or 4 % Paraformaldehyde (MORPHISTO GmbH, Germany, REF: 

11762.01000) for fluorescent staining. Different fixation reagents were chosen 

based on their specific advantages: formalin ensures stronger adherence to the 

bottom, and reduces potential exfoliation TRAP staining; while 

paraformaldehyde preserves protein structures and benefits the combination 

between fluorescent dye and binding sites. 

 

Cells fixed for TRAP staining were washed with DPBS for 3 times and 

pretreated with TRAP buffer (formula described later) at room temperature for 

10min. TRAP dye solution (formula described later) was then added into wells 

and incubated at 37°C for approximately 1 hour. The reaction could be 

terminated slightly earlier or later to avoid insufficient or excessive staining. 

 

The stained cells were covered with DPBS 

and imaged under a bright field microscope 

for further quantitative analysis. Five 

predefined 0.01mm^2 sampling regions were 

selected as shown in the accompanying 

figure. TRAP positive cells in each region 

were manually counted.  

 

All red stained cells with more than 3 nuclei were identified as TRAP positive 

cells. Due to the uneven distribution of multinuclear cells, sampling regions 

should be selected from both the central and peripheral areas in each well. 

Furthermore, the absolute number of TRAP positive cells was recorded instead 

of calculating relative ratios. 

 

 



16 

Formula of TRAP buffer and TRAP dye solution are listed below 
TRAP buffer TRAP dye solution 

※1.64g Sodium Acetate (AppliChem 
GmbH, Nr. 131633) 
※ 5.75g Sodium tartrate dihydrate 
(Carl Roth, Art.-Nr. T110.2). 
※H2O adjusted to 250mL 
※pH 5.0 

※1mg Naphthol AS-Mix Phosphate 
(AppliChem GmbH, REF: N5000) 
※ 100μL N-N-Dimethylformamide 
(Sigma-Aldrich, REF: 319937) 
※ 6mg Fast Red Violet LB Salt 
(Sigma-Aldrich, REF: F3381) 
※10mL TRAP Buffer 

 

The cells designated for fluorescent staining were pretreated with 0.1 % Triton 

X-100 (Sigma-Aldrich, MA, USA, REF: 319937 and REF:X100) to enhance 

membrane permeability. Phalloidin-iFluor 647 and DAPI (4 ′ ,6-diamidino-2-

phenylindole, Abcam, British, REF: ab176759 and ab285390) were used to 

stain cytoskeleton and nucleus after 30min (BSA, Carl Roth, Germany, Art.-Nr. 

0163.2) blockade with bovine serum for preventing non-specific binding. 

Phalloidin-iFluor 647, a specific probe for filamentous actin (F-actin), emitted 

red fluorescent; while DAPI, a nuclear specific stain, emitted blue fluorescent.  

 

All microscopy was performed with an Olympus IX81 microscope equipped with 

a DP80 microphotographic camera (Olympus, Japan). 

1.2.5 Function Assay 

To assess the resorption function of OCs, we applied advanced bonelike 

apatitic calcium phosphate coating layer technology, which offers several 

advantages over the commonly used bone-cutting slides assay. Based on a 

protocol by Tas and Bhaduri, an apatitic calcium phosphate layer was coated 

onto 96-well plates at a thickness of 20-65μm and a relatively high bonding 

strength (12±2 MPa). The OCs resorbed the coating layer and generated 

resorption pits exposing transparent plastic well bottom of the wells. The 

remaining non-resorbed coating layer was stained black using silver nitrate 

(Carl Roth, Art-Nr: 9370.4). 
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In contrast to bone-cutting slides, which are harvested from bovine bone with 

limited standardization and the requirement of SEM (Scanning Electron 

Microscope) to visualize resorption pits, the bonelike apatitic calcium 

phosphate coating plates reduce assay time while offering a higher successful 

rate.  

 

The same grouping and culturing strategy used in the phenotype assay was 

applied here. BMMs, divided into 4 groups, were seeded into coated 96-well 

plates at a density of 1x10^4 cells per well. The assay was terminated on day 

5. To fully expose the resorption pits, cells were removed using 5 % Sodium 

thiosulfate (formula described later). Subsequentially, the Sodium thiosulfate 

solution was replaced with 5 % silver nitrate solution (formula described later) 

and incubated in the dark for 30min, allowing sliver to precipitate and deposit 

onto residual coating layer. Finally, sodium carbonate-formaldehyde solution 

(formula described later) was used to fix the dye via a neutralizing reaction. 

Pure ethanol was then employed to cover and preserve staining results for long-

term storage. 

 

Formulas of reagents abovementioned are listed: 
5 % Sodium 
thiosulfate 

5g Na2S2O3 (Carl Roth, Art-Nr: HN25.1) 
adjusting to 100mL by H2O 

5 % Silver nitrate 
solution 

5g silver nitrate (Carl Roth, Art-Nr: 9370.4) 
adjusting to 100mL by H2O 

Sodium carbonate-
formaldehyde 

solution 

5g Na2CO3 (Carl Roth, Art-Nr: A135.1) 
25mL 37 % Iger formaldehyde solution (Labomedic, 
Germany, Art-Nr: 2142694) 
adjusting to 100mL by H2O 

 

 

Under a bright field microscope, the stained coating appeared black, while the 

transparent resorption pits were white. By selecting appropriate threshold, 
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ImageJ software (Ver.1.46r) was used for quantifying the resorption pit area. 

1.2.6 Molecular analysis 

We seeded BMMs in 6-well plates at a density of 3.0x10^5 per well for 5days 

(medium changing every 2 days). Cells designated for PCR were harvested by 

TRIzol® Reagent. (Invitrogen, Thermo Fisher, MA, USA, REF: 15596026).  

 

The grouping setting was as following: 
 NC PC 1μmol/ml 5μmol/ml 

M-CSF 50ng/ml 50ng/ml 50ng/ml 50ng/ml 
RANKL / 50ng/ml 50ng/ml 50ng/ml 

Arcyriafiavin A / (8μL DMSO) / (8μL DMSO) 1μmol/ml 5μmol/ml 
(NC represents Negative control; PC represents Positive control) 

 

TRIzol-Chloroform method was applied to extract total RNA as follows: 
Cell Lysis Adding 1 mL TRIzol® per well 

RNA phase 
separation 

200μL Chloroform (AppliChem GmbH, Germany, 
code: A1935) 
Centrifuging at 11500 rpm, 15min, 4°C 

RNA precipitation 
500μL 2-Propanol (AppliChem GmbH, Germany, code: 
A3928) 
Centrifuging at 11500 rpm, 10min, 4°C 

RNA purification Repeat 
Twice 

75 % ethanol (AppliChem GmbH, 
Germany, code: A3678) 
Centrifuging at 9500 rpm, 5min, 4°C 

 

RNA was standardized to 1000ng/mL and transcribed into single-stranded 

cDNA. The high-capacity cDNA Reverse Transcription Kit (Applied Biosystems, 

Thermo Fisher, MA, USA, REF: 4368814) was employed for reverse 

transcription, and NanoPhotometer® N60 (Implen GmbH, Germany) for RNA 

concentration measurement and standardization. 

 

PowerUp™ SYBR™ Green Master Mix (Applied Biosystems, Thermo Fisher, 

MA, USA, Catalog-Nr: A25742) was used as fluorescence probe, and Light-
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Cycler® 480II System (Roche, Germany, Serie-Nr: 5363) for gene amplification 

and fluorescence detection. For quantification, we applied GAPDH as 

normalization reference, and the 2−ΔΔCq method for analysis. 

 

In the table below we listed the primer sequences: 
GENE FROWARD (5’-3’) REVERSE (5’-3’) Tm (°C) 
GAPDH AGG TCG GTG TGA ACG GAT TTG TGT AGA CCA TGT AGT TGA GGT 60 

NFATc1 GGT GCC TTT TGC GAG CAG TAT C CGT ATG GAC CAG AAT GTG ACG G 60 

c-Fos GGG AAT GGT GAA GAC CGT GTC A GCA GCC ATC TTA TTC CGT TCC C 60 

TNFrsf11a GGA CAA CGG AAT CAG ATG TGG TC CCA CAG AGA TGA AGA GGA GCA G 60 

CTSK CCA GTG GGA GCT ATG GAA GA AAG TGG TTC ATG GCC AGT TC 60 

MMP9 GCT GAC TAC GAT AAG GAC GGC A TAG TGG TGC AGG CAG AGT AGG A 60 

DC-stamp TTT GCC GCT GTG GAC TAT CTG C GCA GAA TCA TGG ACG ACT CCT TG 60 

ACP5 CAG CAG CCA AGG AGG ACT AC ACA TAG CCC ACA CCG TTC TC 59 

Integrin β3 GTG AGT GCG ATG ACT TCT CCT G CAG GTG TCA GTG CGT GTA GTA C 60 

ATP6v0d2 ACG GTG ATG TCA CAG CAG ACG T CTC TGG ATA GAG CCT GCC GCA 60 

 

In this research, two different types proteins were analyzed. For different 

purposes, corresponding grouping strategies were established.  

 

For downstream function and differentiation related proteins, same grouping 

strategy was employed as for the PCR assay (3.0x10^5 BMMs per well, 

cultured for 5 days). 

 

The grouping setting was as following: 
 NC PC 1μmol/ml 5μmol/ml 

M-CSF 50ng/ml 50ng/ml 50ng/ml 50ng/ml 
RANKL / 50ng/ml 50ng/ml 50ng/ml 

Arcyriafiavin A / (8μL DMSO) / (8μL DMSO) 1μmol/ml 5μmol/ml 
 

For upstream signaling pathway proteins, we seeded cells in 6-well plates at 

cell density of 1x10^6 cells. Due to the short duration of the experiment for 

analyzing upstream signaling proteins, there was not enough time for 

proliferation, so the larger initial number of cells is essential for sufficient protein 
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yield. Additionally, the upstream signaling pathway protein exists only for a short 

time after stimulation. Therefore, the inducing time ought to be limited to in 

60min before the degradation of early-stage upstream protein.  

 

For an intuitive presentation of the experimental design, we have listed the 

process as follows: 

Step 1, BMMs were seeded in a 6-well plate, at a density of 1x10^6 cells per 

well; Step 2, BMMs were rested in M-CSF medium for 12h for adhesion and 

adaptation; Step 3, BMMs were starved for 12h using non-serum medium; Step 

4, BMMs were pretreated with ArcyA for 2h, allowing for ArcyA uptake; Step 5, 

RANKL induction was initiated for 10min, 20min, and 60min.  

 

The grouping and treatment strategy were as following, 

 

The subsequent processing steps of Western-Blot were the same. Cells from 

different experiments were harvested by RIPA buffer (Carl Roth, Art-Nr: 23T1.1) 

for total protein collection. Samples were centrifuged for 5min at maximum 

speed to remove impurities. 

The Pierce™ BCA Protein assay kit (Thermo Fisher, MA, USA, REF: 23225) 

was used for standardizing protein concentrations. 
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The formula of the protein loading sample was as following, 

Standardized protein sample 30μL 
Laemmli Sample buffer (Bio-Rad, CA, USA CAT: #1610747) 9μL 

2-Mercaptoethanol (AppliChem GmbH, code: A1108) 1μL 

*Loading samples were boiled at 95°C for 5min. 

 

The boiled protein samples were separated using 10 % sodium dodecyl sulfate-

polyacrylamide gel, and transferred onto nitrocellulose membranes using the 

Trans-Blot® Turbo™ transfer system (Bio-Rad) subsequently. The blots were 

detected and imaged using the ChemiDoc Imaging System (Bio-Rad). 

 

Primary anti-bodies were obtained from CST (Cell Signaling Technology, MA, 

USA), including anti-NFATc1 (D15F1, #8032s, 1:1000); anti-Integrin beta3 

(#4702, 1:1000); anti-IkB (L35A5, #4814s, 1:1000); anti-Tubulin (D3U1W, 

#86298s, 1:5000); anti-GAPDH (D16H11, #5174, 1:5000); and from Invitrogen 

(Thermo Fisher, MA, USA), including anti-cFos (T.142.5, #MA5-15055); anti-

CTSK (Cathepsin K Polyclonal Antibody, #PA5-102483). 
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Formulars of involved reagents were as follows, 

Blocking Buffer 
BSA powder 15g 
10x TBS (Carl Roth, Nr: 1060.1) 50mL 
ddH20 Adjust to 500mL 

Primary 
Antibody 
Incubation 
Buffer 

Blocking Buffer 5mL 
Tween-20(Carl Roth, Nr: 9127.2) 5μL 

Primary Antibody Given dilution 
factor 

Secondary 
Antibody 
Incubation 
Buffer 

Blocking Buffer 5mL 
Tween-20 5μL 

Secondary Antibody 1:10,000 

TBST Wash 
Buffer 

1x TBS 1000mL 
Tween-20 1mL 

10 % 
Separating Gel 

ddH2O 12.2mL 
30 % Acrylamide/Bis Solution, 29:1 10mL 
pH8.8 Tris HCL (1.5mol/L), 0.4 %SDS 7.5mL 
10 % APS (Carl Roth, Nr: 9592.1) 300μL 
TEMED (Bio-Rad, #1610801) 5μL 

Stacking Gel 

ddH2O 6.8 mL 
30 % Acrylamide/Bis Solution, 29:1 1.7mL 
pH6.8 Tris HCL (1.0mol/L), 0.1 %SDS 1.25mL 
10 % APS 100μL 
TEMED 2μL 
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1.2.7 Efficacy test in human cells 

Five donors donated whole blood samples for our research. Blood was 

collected using EDTA-monovettes (Sarstedt, Germany, Nr, 04.1931.010), and 

diluted with PBS at 1:1 ratio. SepMate™-50 tubes (STEMCELL technologies, 

Canada, REF: 85450) were employed to isolate Peripheral blood mononuclear 

cells (PBMCs). 

 

We seeded purified PBMCs in 12-well ibidi chambers (Ibidi GmbH, Germany, 

CAT: 81201) and cultured the cells in human OC induction medium (medium 

composition are provided later) for 12 days (medium changes every 2 days). In 

each chamber, the cell density was 5.0x10^5 cells per well, and medium volume 

was 200μl per well. 

 

The formular of human OC induction medium was as follows, 
α-MEM medium for human OC 

human M-CSF (Miltenyi Biotec, Germany, REF 130096491) 50ng/mL 
human RANKL (Miltenyi Biotec, Germany, REF 

130096494631) 
50ng/mL 

Vitamin D (Sigma-Aldrich, MA, USA, CAT: 5009360010) 10nM 
 

The grouping was as following:  
 Control DMSO 

control 
0.1μmol/
mL 

1μmol/
mL 

2.5μmol/
mL 

5μmol/
mL 

M-CSF 50ng/mL 50ng/mL 50ng/mL 50ng/mL 50ng/mL 50ng/mL 
RANKL 50ng/mL 50ng/mL 50ng/mL 50ng/mL 50ng/mL 50ng/mL 

ArcyA / 8μL DMSO 0.1μmol/mL 1μmol/mL 2.5μmol/mL 5μmol/mL 

 

After 12 days, the removable chambers of the ibidi slides were removed, then 

cells on slides were fixed using 4 % formalin. The same methods as described 

in the “Phenotype Assay” section were used for TRAP staining and cell counting. 
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1.2.8 Ovariectomy Mouse Model 

To evaluate the alleviating effect of ArcyA in vivo, we established ovariectomy-

induced osteoporosis animal models. The design and practice of animal 

experiments adhered to the 3R principles and ensured welfare of experimental 

animals. 

 

Fully adapted to the housing environment to preclude stress, twenty 10-week-

old female C57BL/6 mice underwent sham operation or bilateral ovarian ligation 

and resection via the dorsal approach after inhalation isoflurane anesthesia 

(RWD GmbH, China, CAT: R510-22-16) and skin disinfection.  

 

All mice were placed in a post-anesthesia recovery environment avoiding light 

and noise exposure. Dosing was initiated after approximately one week after 

the wound had healed. The frequency of administration was once every five 

days, and the total duration was eight weeks.  

 

The grouping and intervention schedule was as follows, 

 
Sham 
group 
(n=4) 

Sham + 
ArcyA 

group (n=4) 

Non-
treatment 

group (n=4) 

10mg/kg 
treatment 

group 
(n=4) 

20mg/kg 
treatment 

group 
(n=4) 

OVX / / + + + 
Saline + / + / / 
ArcyA / 20mg/kg / 10mg/kg 20mg/kg 

*All mice involved were obtained from and maintained in the Animal Center of 

Shanxi Medical University (Shanxi, China).  

 

One tibia from each mouse was extracted after euthanasia after eight-week 

treatment. Fixed tibiae were scanned using the micro-CT (BRUKER 

skyscan1176 μCT instrument, Bruker Daltonic Inc. USA). In order to compare 

the severity of osteoporosis in samples from different groups, the regions of 
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interest (ROI) were defined in an area 1.8mm in height below the tibial 

epiphyseal plate. The scanning setup was as follows: 50 kV scanning voltage, 

500 μA scanning current, 9 μm spatial resolution, and 1,600 × 2,672-pixel image 

matrix. The scan results were processed and reconstructed in three-dimension 

for further quantitative analysis of BV/TV. The software and program for imaging 

and calculation were NRecon reconstruction software (Ver.2.0) and CTAn (CT-

Analyser, Ver.1.18). 

 

1.2.9 Statistical Analysis 

Statistical analyses were performed using GraphPad Prism 8 software. 

Quantitative data are presented as means ± standard deviation (SD). For 

comparisons between two groups, an unpaired two-tailed Student’s t-test was 

used. For comparisons among more than two groups, one-way ANOVA 

followed by Tukey’s multiple comparisons test was applied. A p-value less than 

0.05 was considered statistically significant. The significance levels are 

indicated as follows: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 

(****). The sample size (n) represents the number of independent experimental 

replicates and is indicated in the respective figure legends. 
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1.3 Results 

1.3.1 Biosafety assay 

The CCK8 was employed to evaluate the potential impact of ArcyA to BMMs. 

The absorbance at OD 450nm, representing cell viability, showed no significant 

difference between control group and two treatment groups. This result 

indicated that ArcyA had no cytotoxic effect on BMM growth at concentrations 

of 1μM and 5μM (Figure 2). Consequently, a potential inhibitory effect of ArcyA 

on OC differentiation is not attributed to a reduction in BMMs proliferation.  

 
Figure 2. (A) Cell viability assay performed in a 96-well plate and the molecular 
structure of Arcyriaflavin A (ArcyA). (B) Quantitative analysis of BMMs viability following 
treatment with ArcyA at concentrations of 0μM, 1μM, and 5μM. N=6 Data are 
expressed as mean ± SD. (Modified according to Zhu et al., 2025, The image elements 
on the left were drawn by BioRender. The molecular structure of Arcyriaflavin A was 
generated using the InDraw software V6. (https://www.integle.com/static/indraw 
accessed on 18 July 2025) 

1.3.2 Morphology analyses 

1.3.2.1 TRAP staining 

In the positive control (PC) group, cells differentiated normally, forming many 

giant multiple nuclei TRAP positive cells. Compared to the PC group, the 1μM 

ArcyA treatment significantly reduced the number of TRAP-positive cells and 

precursors (red stained, less than 3 nuclei). The 5μM treatment group 

demonstrated an even stronger inhibitory effect, with fewer TRAP-positive cells 

https://www.integle.com/static/indraw
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and OC precursors (Figure 3A). Quantitative analysis revealed that the 

numbers of TRAP positive cells in both 1μM and 5μM groups were significantly 

lower than the PC group, and the 5μM group exhibited a more pronounced 

reduction than the 1μM group (Figure 3B). 

1.3.2.2 Fluorescence staining 

The fluorescence staining provided a clearer visualization of OC cells area and 

nuclei. The results illustrated a significant reduction in the number of giant cells 

with more than 10 nuclei compared to PC group (Figure 3C). Quantitative 

analysis further confirmed the concentration-dependency (Figure 3D). 

 
Figure 3. (A) Representative images of TRAP staining of RANKL-induced mouse OCs 
treated with ArcyA at concentrations of 0 μM (positive control, PC), 1 μM, and 5 μM. 
Unstained BMMs were used as the negative control (NC). (B) Quantitative analysis of 
TRAP-positive cell ratio among all cells. (C) Representative images of fluorescence 
staining of cells treated with ArcyA at concentrations of 0 μM, 1 μM, and 5 μM. (D) 
Quantitative analysis of the ratios of giant multinucleated cells containing more than 
10 nuclei among all multinucleated cells. Scale bar represents 500μm. N=3 Data are 
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expressed as mean ± SD, with statistical significance indicated as **P < 0.01, ***P < 
0.001, and ****P < 0.0001. (Modified according to Zhu et al., 2025). 

 
Figure 4. (A) Expression of genes related to osteoclast (OC) activation, including 
NFATc1, c-Fos, and TNFrs11a, was significantly downregulated by ArcyA at a 
concentration of 5μM. There was no significant difference between positive control (PC) 
group and 1μM group. (B) Genes associated with OC adhesion and resorption (CTSK, 
MMP9, Integrin β3, and ACP5) were downregulated by ArcyA at concentrations of 1μM 
and 5μM. (C) Expressions of OC fusion and formation gens (DCstamp and ATP6v0d2) 
were decreased under the ArcyA treatment at concentrations of 1μM and 5μM. Gene 
expression levels were normalized to GAPDH. N=5. Data are presented as mean ± 
SD, with statistical significance indicated as *P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001. (Modified according to Zhu et al., 2025). 
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1.3.3 Molecular analyses 

1.3.3.1 PCR 

To verify the inhibitory effect of ArcyA at molecular level, we selected 6 genes 

for analysis, including 3 upstream signaling pathway-related genes: NFATc1, c-

Fos, TNFrs11a, and 6 OC formation and function related genes: CTSK, MMP9, 

integrin β3, DCstamp, ATP6v0d2, ACP5. The ΔΔCT method was used for 

calculation. For the upstream signaling pathway genes, no significant 

differences were observed between the PC group and 1μM treatment group. 

However, the genes were significantly downregulated in both the 1μM and 5μM 

treatment groups, with a concentration-dependent inhibitory effect. Significant 

differences were also observed between the 1μM and 5μM groups (Figure 4A, 

B, and C). 

 
Figure 5. (A) Representative images of blots showing the expression levels of NFATc1, 
cFos, CTSK in groups of Negative control (NC), Positive control (PC), and 5μM ArcyA 
treatment groups. Tubulin served as control. (B) Quantitation of greyscale intensity 
representing the protein expression level in (A). (C) Blots showing the expression of 
Integrin β3 in NC, PC and treatment groups. GAPDH served as control. (D) 
Quantitation of greyscale intensity representing the expressions of Integrin β3. N=3. 
Data are presented as mean ± SD, with statistical significance indicated as **P<0.01, 
***P<0.001, ****P<0.0001. (Modified according to Zhu et al., 2025). 
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1.3.3.2 Western Blot  

To validate the PCR results at the protein level, we examined 4 representative 

proteins: NFATc1 and c-Fos, which are key factors for OC differentiation 

activation as aforesaid; CTSK and integrin β3, which are critical for cells 

attachment and resorption. Compared to the PC group, the blot of protein bands 

for all 4 target proteins were lighter in the treatment group (Figure 5A, C). 

Correspondingly, quantitative analysis supported the results above and echoed 

our PCR results, suggesting a significantly downregulation in all 4 proteins due 

to the intervention of ArcyA (Figure 5B, D). 

 
Figure 6. (A) Representative images of blots showing the expression levels of IκB with 
or without ArcyA pretreatment following RANKL induction at 0, 10, 20, and 60 minutes. 
(B) Quantitative analysis of IκB expression levels: black bars represent the control 
group at different time points, while gray bars represent the ArcyA-treated group. N=3. 
Data are presented as mean ± SD, with statistical significance indicated as *P<0.05, 
***P<0.001, ****P<0.0001. (Modified according to Zhu et al., 2025). 

1.3.3.3 Early-stage signaling pathway 

Protein factors in the NF-κB signaling pathway are not detectable in late stage 

of OC differentiation. Therefore, protein samples were collected at 10, 20, and 

60min after RANKL stimulation. IκB, a critical inhibitory factor against NF-κB 

pathway activation significantly decreased in the control group at all time points, 

reflecting the process of IκB phosphorylation and exposure of the 

phosphorylation site on NF-κB (P65) molecule. In contrast, IκB levels remained 

stable in the 5μM treatment group, indicating that the ArcyA precluded release 
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of NF-κB (Figure 6A, B). 

1.3.4 Resorption assay 

Using apatitic calcium phosphate coated layer 96-well plates, the resorption pits 

created by OCs were visible under the microscope. In the NC group, we found 

a black stained, complete coating layer, indicating the absence of OC formation. 

On the contrary, the PC group showed white resorption pits on a black 

background due to the coating layer was “eaten” by OCs, exposing the 

transparent unstainable well bottom. The ratio of resorption pit was calculated 

using ImageJ. Under a bright-field microscope, we found many irregularly 

shaped resorption pits in varying sizes. However, in 1μm ArcyA treatment group, 

the amount and size of resorption pits significantly decreased, while in the 5μm 

group, the resorption pits were obviously limited (Figure 7A). Quantitative 

analysis of the resorbed area ratio confirmed that the resorption activity was 

reduced in both the 1μm and 5μm groups. Furthermore, the high concentration 

group presented a significantly stronger inhibitory effect on OC resorption 

(Figure 7B). 

 
Figure 7. (A) Representative images of resorption pits in positive group (PC), 1μM and 
5μM ArcyA treatment groups. Dark area represented remaining coating layer, and the 
resorption pits appeared white under a bright-field microscope. In the non-RANKL 
negative group (NC), the coating layer remained intact. (B) Quantitative analysis of the 
ratio of resorbed area to total well area. Scale bar=500μm. N=3. Data are presented 
as mean ± SD, with statistical significance indicated as **P<0.01, ***P<0.001. (Cited 
from Zhu et al., 2025). 
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1.3.5 Animal experiments 

Our in vitro findings were confirmed in vivo. Tibiae were harvested form 19-

week-old female mice. The experimental mice underwent sham operation or 

bilateral ovarian ligation and resection at 10th week of age, followed by 

treatment from the 11th week to the 19th week. Micro-CT scanning of proximal 

tibiae reconstructed a region of 1.8mm height below the tibia epiphyseal plate 

as the regions of interest (ROI) (Figure 8A). From 3D reconstruction image 

analysis, we obtained data of BV/TV, reflecting bone density and severity of OP. 

The data showed no significant difference between sham group and sham + 

ArcyA group, indicating ArcyA had no adverse effect on normal bone tissue. 

The untreated OVX group exhibited the lowest bone density, while treatment 

groups showed a significant increase in bone density in a concentration-

dependent manner. Notably, there was no significant difference between the 

BV/TV value in the 20mg/kg treatment group and sham group (Figure 8B). 

 
Figure 8. (A) Representative 3D high-resolution micro-CT images of the mice tibiae 
from a control group (Sham) and four experimental groups. The region of interest (ROI) 
was defined as a 1.8mm height area below the epiphyseal plate. Enlarged planar and 
vertical views of ROI were shown. (B) Quantitative data of BV/TV in each group. N=4. 
Data are presented as mean ± SD, with statistical significance indicated as *P<0.05, 
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**P<0.01, ***P<0.001. (Modified according to Zhu et al., 2025). 

1.3.6 Human cells 

Peripheral blood mononuclear cells (PBMCs) were isolated from peripheral 

blood donated by five volunteers. Additional treatment groups with ArcyA 

concentrations of 0.1μM and 2.5μM were included. The number of TRAP 

positive cells dropped in 0.1μM group, indicating the human OCs were more 

sensitive to ArcyA than mouse cells, and OC differentiation was significantly 

suppressed at higher concentration (1μM, 2.5μM, 5μM) (Figure 8A). The 

quantitative TRAP positive cells counting supported the observation above. 

There was no significant difference between DMSO control and control, ruling 

out the influence of DMSO to OC differentiation. In general, the inhibitory effect 

of ArcyA on human OC is concentration-dependent. However, the suppressing 

effect of 1μM AcryA was not distinct from 2.5μM (Figure 8B). 

 
Figure 9. (A) Representative images of TRAP staining of RANKL-induced human OCs 
treated with ArcyA at concentrations of 0μM (control), 1μM, 2.5μM and 5μM. Cells 
treated with DMSO only was defined as DMSO control (B) Quantitative analysis of 
TRAP-positive cell ratio among all cells. Scale bar=500μm. N=4. Data are expressed 
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as mean ± SD, with statistical significance indicated as *P < 0.05, and ****P < 0.0001. 
(Modified according to Zhu et al., 2025). 

1.4 Discussion 

Derived from hematopoietic stem cells (HSCs), OCs play a critical role in bone 

microenvironment metabolism by removing obsolete and damaged bone 

through the secretion of proteolytic enzymes and hydrogen ions to degrade 

bone tissue (Asagiri et al., 2007, Boyle et al., 2003, Feng et al., 2013, Kim, et 

al. 2020). OC precursors are recruited into the “bone remodeling compartment” 

(BRC), where they further differentiate to functional mature OCs (precursors of 

osteoblast are also immigrated into BRC for bone formation) (Martin et al., 

2007). Notably, this anatomical entity, enclosed by flat cells, is where bone 

resorption and formation are coupled (Andersen, et al. 2009). In this 

microenvironment, OC precursors are regulated by cytokines and eventually 

mature into functional OCs. 

 

Macrophage colony stimulating factor (M-CSF) is indispensable for the 

maturation of BMMs, driving the differentiation of macrophage progenitors into 

macrophage, which serve as the OC precursors. (Metcalf 2008)Furthermore, 

the existence of M-CSF is necessary for OC precursors to sustain their 

proliferative activity and differentiation potential (Mun et al., 2020). MC-CSF 

also facilities the re-arrangement of cytoskeleton, cells migration and fusion, 

contributing to formation of giant multiple nuclei cells (MNCs) (Faccio et al., 

2007). Thus, we applied M-CSF in the medium from the initial stage to the 

telophase of OC differentiation. 

 

For the further OC differentiation, the co-existence of M-CSF and Receptor 

Activator of NF-κB Ligand (RANKL) is indispensable. RANKL, the cognate 

ligand of Receptor Activator of NF-κB (RANK), is essential for enabling the OC 

to achieve its function by upregulating downstream related genes and proteins 
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(Asagiri, et al. 2007, Boyle, et al. 2003). Additionally, RANKL promotes 

mitochondrial biogenesis, enhancing energy transfer via electron transport 

chain (ETC) to sustain the metabolism for maintaining giant morphology of OCs 

(Asagiri, et al. 2007, Da et al., 2021). Together with osteoprotegerin (OPG), 

RANKL and RANK form a negative feedback regulation axis that maintains 

homeostasis in the bone microenvironment. OPG acts as a competitive inhibitor 

against RANKL preventing its interaction with RANK (Udagawa et al., 2021). 

Previous studies have identified postmenopausal estrogen deficiency as a 

major trigger of osteoporosis in elderly females (Riggs et al., 2002). 

Mechanistically, estrogen insufficiency led to an increased number of T and B 

cells expressing RANKL, which subsequently results in overactivity of OCs 

(Eghbali-Fatourechi et al., 2003, Onal et al., 2012). Given that, it is considered 

RANKL is one of the most significant target molecules for therapeutic 

intervention, which is the reason why we selected RANKL induced cell models 

as our research objects. 

 

However, RANKL is not derived from a single source, nor is OC overactivation 

attributable to a single factor. In addition to osteoblasts, dendritic cells, 

fibroblasts, T cells, bone marrow stromal cells (BMSC) produce RANKL as well 

(Asagiri, et al. 2007, Boyle, et al. 2003, Feng, et al. 2013). Given the substantial 

overlap between RANKL-releasing cells and proinflammatory cells, OC 

differentiation can be closely linked to systemic inflammation, explaining 

reasonably the correlation of OP and inflammation. OP often arises in the 

context of chronic systemic inflammation and is triggered by multiple 

contributing factors. It could be an explanation why OP usually manifests as a 

complication of immunocompromising conditions, including but not limited to 

cancer, anemia, COPD, overweight, malnutrition, and chronic kidney disease 

(Johnston et al., 2020, Li et al., 2022, Liu et al., 2023, Pazianas et al., 2021, 

Yang et al., 2023). Therefore, we need to view the OC overactivation and OP 

with a comprehensive eyesight. From the standpoint of systematic inflammation, 
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macrophage polarization is an unignorable role. 

 

Numerous previous studies revealed the complex relation between 

macrophage polarization and OC differentiation. Macrophage polarization 

regulates OC differentiation through multiple pathways. By releasing cytokines, 

M1 macrophage polarization creates an OC-promoting microenvironment. In 

the microenvironment of bone reconstruction and resorption, M1 macrophages 

(usually induced by LPS, TNFα, and IFN-γ) release inflammatory factors, such 

as IL-12, IL-6, and IL-1, promoting OC differentiation and function. In contrast, 

M2 macrophages, primarily induced by IL-4 from immune-conditioning cells 

(e.g., PTH, CD4+ T cells), exert an opposite effect. M2 macrophages release 

cytokines, such as TGF-β, IL-18, and IL-10, which suppress the OC formation 

(Hu, et al. 2023, Kim, et al. 2009, Munoz, et al. 2020, Piek et al., 2001, Souza, 

et al. 2013). 

 

A recent study reported that M2 macrophages could influence the OC 

differentiation by releasing exosomes, commonly referred to as extracellular 

vesicles (EVs). These M2 EVs reduce both the number and function of OCs 

through reversing OC precursors to M2 macrophages (Huang et al., 2024). 

 

Regarding macrophage polarization, Hu et al. previously mentioned various 

drugs as M2 polarization activators. Through screening, we identified 

Arcyriaflavin A (ArcyA) as a potential osteoclast inhibitor (Hu, et al. 2021). 

ArcyA is a typical natural indolocarbazole compound derived from slime molds 

and marine invertebrates (Bitzenhofer et al., 2023). Although research on ArcyA 

remains limited, former studies have reported that it functions as an inhibitor of 

cyclin D1-cyclin-dependent kinase 4 (CDK4), thereby reducing viability and 

proliferation of endometriotic cyst stromal cells (ECSCs) (Hoshino et al., 2015). 

The inhibitory effect of ArcyA on CDK4 caught our attention, as it may provide 

insights into the potential mechanism underlying ArcyA-induced M2 activation.  



37 

 

In the immune microenvironment, M2 macrophage polarization is regulated by 

the JAK-STAT3-IL6 axis. Upon JAK activation, the cytoplasmic protein STAT3 

undergoes phosphorylation, dimerization, and nuclear-translocation, leading to 

the activation of downstream genes expression, including IL-6, a well-known 

cytokine that promotes M2 polarization. This signaling process occurs in 

monocytes, macrophages, fibroblasts, T cells, B cells, and endothelial cells 

(Bienvenu et al., 2001, Hu et al., 2024, Johnson et al., 2018, Lee et al., 2023, 

Yan et al., 2022). Here could be a possible explanation: By inhibiting CDK4, a 

suppressor of the JAK-STAT3-IL6 axis, ArcyA indirectly facilitates M2 

polarization (Figure 10). 

 

The supporting evidence presented above further motivated us to explore the 

OC-inhibitory effect of ArcyA in greater depth. The tartrate resistant acid 

phosphatase (TRAP) staining is what we utilized on our cell model to assess 

whether out intervention exerted an inhibitory effect to the cell models. TRAP, 

a member of acid phosphatase family, is specifically expressed in OCs (Bull et 

al., 2002, Hayman et al., 2003). Therefore, the cytoplasm of MNCs and OC 

precursors with the potential for further differentiation stains red, creating a 

sharp contrast with the unstained undifferentiated BMMs. The significant 

reduction in the number of TRAP positive cells in the ArcyA treatment groups 

demonstrated the inhibitory effect of the intervention. This staining method was 

also employed as a screening tool to identify potential inhibitors from candidate 

compounds. 
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Figure 10: JAK-STAT3-IL6 axis. The receptor of JAK on M2 macrophages can be 
stimulated by IL-6 released by itself. CDK4 acts as a break of this positive feedback 
regulation. By inhibiting the phosphorylation of STAT3, CDK4 prohibits the dimerized 
STAT3-inducing upregulation of downstream genes. The image is drawn using 
Microsoft Office PowerPoint. The molecular structure of Arcyriaflavin A was generated 
using the InDraw software V6. (https://www.integle.com/static/indraw accessed on 18 
July 2025) 
 
 

Based on the TRAP staining results, we conducted additional molecular-level 

assays to validate the reliability of our screening outcomes. A series of genes 

were selected for comprehensive analysis of OC differentiation and function. 

Nuclear factor of activated T cells c1 (NFATc1) serves as the master regulator 

of differentiation. Activated by RANKL-NF-κB signaling and Ca2+ signaling, 

NFATc1 undergoes auto-amplification and further activates downstream 

functional genes. During this auto-amplification process, c-Fos is a critical 

component recruited to NFATc1, mediating the combination between the 

RANKL-RANK complex and NFATc1. Additionally, RANK, the membrane 

https://www.integle.com/static/indraw
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receptor of RANKL, is encoded by the TNFrs11a gene (Asagiri et al., 2005, Kim 

et al., 2014, Negishi-Koga et al., 2009). Based on this, we selected three 

regulative genes – NFATc1, c-Fos, and TNFrs11a – as the target parameters 

to assess the impact of ArcyA on OC differentiation. 

 

Furthermore, six additional downstream genes were analyzed to evaluate the 

inhibitory effects of ArcyA from various perspectives. Regarding the primary 

resorptive function of OCs, the biological activities include the formation of 

sealed resorptive zones between MNCs and bone surface, as well as the 

secretion of proteinases. The attachment of MNCs to the bone surface is 

mediated by Integrin β3; while MMP9 and CTSK encoding corresponding 

proteinases responsible for extracellular matrix (ECM) degradation (Drake et 

al., 2017, Geoghegan et al., 2019, Huang 2018, Nakamura et al., 2003). The 

formation of MNCs, acritical step for OC function, is regulated by DC-stamp and 

ATP6v0d2. These proteins are the major regulators of cell-fusion. The 

downregulation of the two corresponding genes inhibits the formation of MNCs 

(Chiu et al., 2016, Lee et al., 2006). Besides, ACP5, which encodes tartrate-

resistant acid phosphatase, was also included in the analysis (Kirstein et al., 

2006). To corroborate the gene expression data, we further evaluated the 

expression levels of representative proteins, including NFATc1, c-Fos, CTSK, 

and integrin β3, using Western-Blot analysis. The results from Western-Blot 

were consistent with our finding in PCR, reinforcing the reliability of conclusions. 

 

As a bridge of interaction between RANKL-RANK and NFATc1 activation, the 

NF-κB signaling pathway in the cytoplasm plays an unignorable role in 

transmitting signals from the cell membrane to the nucleus. IκB blocks the 

phosphorylation site of NF-κB (p65), prohibiting the generation of 

phosphorylated NF-κB (p-p65) which is capable of translocating into the 

nucleus (Ghosh et al., 2002, Hayden et al., 2004). Our results demonstrated 

that ArcyA treatment increased the IκB level during the initial stage of 
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differentiation, precluding signal transmission towards the nucleus.  

 
Figure 11: The pattern graph of NFκB signaling pathway indicating the special 
inhibitory rola of iκB in the pathway. By blocking the phosphorylation site of P65 
molecule (NF-κB), iκB prohibits the into-nucleus translocation of P65 molecule, and 
further inhibits the activation of NFκB pathway. The image is drawn using Microsoft 
Office PowerPoint. The molecular structure of Arcyriaflavin A was generated using the 
InDraw software V6. (https://www.integle.com/static/indraw accessed on 18 July 2025) 
(Cited from Zhu et al., 2025). 

 

These intriguing molecular-level findings encouraged to investigate the 

inhibitory effect of ArcyA on OC resorptive function. Following the method of 

Tas and Buhaduri (Tas et al., 2004), our results aligned with the corresponding 

expectations. Results from animal experiments further supported 

abovementioned findings, demonstrating that ArcyA alleviated osteoporosis in 

ovariectomy mice. Additionally, experiments on human cells treated with ArcyA 

corroborated these results and highlighted the broader potential applications of 

ArcyA in therapeutic contexts. 

 

While our study provides important insights, much remains to be explored in 

this field, and future investigations will be essential to build upon our findings. 

More and more studies believe that the OC differentiation is rather a reversable 

https://www.integle.com/static/indraw
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dynamic than a linear process. In the microenvironment of OC differentiation, 

multiple cells, including BMMs, OC precursors, polarized macrophages 

coexistent. Further experiments, including flow cytometry, could help to provide 

deeper insights into the change of ratios of various cells related to OC 

differentiation in the context of ArcyA intervention. Bioinformatics could also 

contribute to uncover more potential mechanisms by analyzing differentially 

expressed genes. 

 

Especially, the bioenergetics of osteoclastogenesis has become a current 

hotspot, sparking a wide range of opinions. OC differentiation results in an 

increased energy demand to sustain the giant cell morphology and active 

resorption function. The changes in energy requirements during 

osteoclastogenesis involve various potential mechanisms, including but not 

limited to anaerobic and aerobic glycolysis, as well as alterations in the number 

and morphology of mitochondria. Currently, a comprehensive idea of OC 

metabolism is absent. Some studies reported that OCs exhibit a higher Oxygen 

Consumption Rate (OCR), particularly in the non-mitochondrial respiration, 

which is greater than that in OC precursors and macrophages. This suggests a 

higher level of anaerobic glycolysis in OCs. Other research has indicated that 

M2 macrophages can influence the energy metabolism of OC precursors by 

transferring glutamine and α-ketoglutarate, which are essential for the 

tricarboxylic acid cycle (TAC) (Huang, et al. 2024, Ledesma-Colunga et al., 

2023, Li et al., 2020, Liu et al., 2023). These exciting findings bring us valuable 

ideas for our future plan. By comparing the treatment group with the control 

group at different time points, we can analyze changes in the cellular energy 

metabolism and differences in metabolic products. This metabolic profiling 

would allow a deeper understanding of the mechanism of the therapeutic effect 

of the drug, furthermore, may reveal additional potential regulatory targets. 

Such analysis not only provides a more comprehensive view of the 

pharmacological properties of the treatment, but also contributes to expanding 
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our knowledge of OC differentiation. 

1.5 Summary 

This study discovered a novel, previously unreported drug, Arcyriaflavin A, 

which inhibits osteoclast formation in an in vitro mouse osteoclast model. The 

inhibitory effects were validated from multiple perspectives. Additionally, the 

study further confirmed the drug's inhibitory effects on osteoclasts in OVX 

animal osteoporosis models and human cells. Since ArcyA itself is a compound 

capable of influencing the polarization of M0 macrophages towards the M2 

phenotype, it also suggests a potential connection between macrophage 

polarization and the development of osteoporosis. 
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