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Abstract Background/purpose: Periodontitis is a chronic inflammatory condition character-

ized by host-mediated destruction of periodontal tissue and alveolar bone. Elevated proinflam-

matory cytokines and osteoclast activation are key factors contributing to this breakdown.

Antcin K, a triterpenoid derived from Antrodia cinnamomea, exhibits immunomodulatory

and anti-inflammatory properties. This study aimed to investigate whether Antcin K suppresses

osteoclast formation and prevents the progression of periodontitis.

Materials and methods: Receptor activator of nuclear factor κB ligand (RANKL)-induced osteo-

clastogenesis in murine macrophage cell line RAW 264.7 cells was evaluated following Antcin K
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treatment. RNA sequencing and pathway analysis revealed the involvement of the focal adhe-

sion kinase (FAK)-phosphoinositide 3-kinase (PI3K) signaling axis, which was further validated

by Western blotting. In vivo, a ligature-induced periodontitis rat model was used to assess

osteoclast activity, RANKL/osteoprotegerin (OPG) expression, and alveolar bone preservation

following Antcin K treatment.

Results: Antcin K significantly suppressed RANKL-induced osteoclast formation in vitro. Tran-

scriptomic and biochemical analyses indicated that inhibition of the FAK-PI3K signaling cascade

mediates its suppressive effect. In vivo, Antcin K reduced osteoclast numbers, lowered the

RANKL/OPG ratio, and alleviated alveolar bone resorption in ligature-induced periodontitis.

Conclusion: Antcin K inhibits osteoclastogenesis by modulating the FAK—PI3K signaling

pathway and attenuates alveolar bone loss. These findings suggest that Antcin K may serve

as a potential host-modulatory therapeutic agent for the treatment of periodontitis.

ª 2026 Association for Dental Sciences of the Republic of China. Publishing services by Digital

Commons. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Periodontal disease is a chronic inflammatory condition

affecting the tissues supporting the teeth and remains a

major public health concern because of its high prevalence

and association with tooth loss.1,2 Its multifactorial etiology

includes poor oral hygiene, smoking, and systemic diseases

such as diabetes mellitus.3,4 Currently, the primary goal of

clinical therapies for periodontitis is to eradicate patho-

genic bacteria from periodontal tissues using mechanical or

antibacterial methods.5 However, these strategies often

fail to suppress the hyperactive immune response that

damages periodontal tissues.6 Among the cellular media-

tors, osteoclasts―multinucleated cells derived from he-

matopoietic stem cells―play a central role in alveolar bone

resorption and therefore represent a crucial therapeutic

target for periodontitis management.

Osteoclasts originate from monocyte/macrophage line-

age precursors that migrate from the bone marrow to

resorption sites under the regulation of receptor activator

of nuclear factor κB (RANK) and its ligand, receptor acti-

vator of nuclear factor κB ligand (RANKL).7,8 The RANKL/

RANK axis activates intracellular signaling through tumor

necrosis factor receptor—associated factor 6 (TRAF6),

which in turn stimulates other signaling molecules.9

Blocking RANKL signaling effectively inhibits osteoclasto-

genesis and alleviates bone-destructive diseases, including

periodontitis.10

Owing to their low toxicity and diverse biological activ-

ities, both natural compounds and synthetic molecules

derived from natural prototypes have garnered significant

attention.11 Antrodia cinnamomea (A. cinnamomea), a rare

medicinal fungus native to Taiwan, is recognized for its

potent anti-inflammatory, hepatoprotective, anticancer,

immunomodulatory, and antioxidative properties.12—14

Research conducted both in vitro and in vivo has shown

that Antcin K, a triterpenoid derived from A. cinnamomea,

possesses anti-angiogenic and anti-inflammatory proper-

ties.15 In the case of chondrosarcoma, Antcin K prevents

metastasis by reducing the production of matrix metal-

loproteinase-7.16 In particular, Antcin K showed possible

anti-arthritic effects based on its anti-inflammatory prop-

erties.15,17 According to a recent report, Antcin K di-

minishes skeletal muscle injury and inflammation by

boosting interleukin-10 production.18 However, the effects

of osteoclast formation and periodontitis treatments

remain largely unknown. Therefore, this study investigated

whether Antcin K suppresses RANKL-induced osteoclasto-

genesis through modulation of focal adhesion kinase (FAK)

and phosphoinositide 3-kinase (PI3K) signaling pathways,

and whether it could prevent alveolar bone loss in a

ligature-induced periodontitis model.

Materials and methods

Antibodies and reagents

The antibodies against phosphorylated FAK (p-FAK), FAK,

PI3K p85 subunit (p-p85), and p85 were acquired from Santa

Cruz Biotechnology (Santa Cruz, CA, USA). Cell culture

supplements were obtained from Invitrogen (Carlsbad, CA,

USA). All other reagents were purchased from

Sigma—Aldrich (St. Louis, MO, USA).

Cell culture

The murine macrophage cell line RAW 264.7 was purchased

from the Bioresource Collection and Research Center

(BCRC, Hsinchu, Taiwan). Cells were cultured in Dulbecco’s

modified Eagle’s medium (DMEM) supplemented with 10 %

fetal bovine serum (FBS; Gibco, Grand Island, NY, USA), 100

U/mL penicillin, and 100 μg/mL streptomycin. The cultures

were maintained in a humidified incubator at 37 �C with 5 %

CO2.

Cell viability

Cells were seeded in 96-well culture plates and treated

with or without Antcin K at various concentrations for 24 h.

After incubation, 0.5 mg/mL of the 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution
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(Sigma—Aldrich) was added to each well and dissolved in

dimethyl sulfoxide (DMSO; Sigma—Aldrich). The absorbance

was measured at 570 nm using a microplate reader (BioTek

Instruments, Winooski, VT, USA).

Osteoclast differentiation

RAW 264.7 cells (2 � 104 cells/well) were cultured in 24-

well plates and stimulated with RANKL at 50 ng/mL

(PeproTech, Cranbury, NJ, USA) in the presence or absence

of Antcin K. After incubation for 5 days, the cells were

stained using a tartrate-resistant acid phosphatase (TRAP)

staining kit (Sigma—Aldrich). Cells exhibiting TRAP-positive

staining and containing three or more nuclei were identified

as mature osteoclasts, following our previous study.19

Western blot analysis

Proteins (30 μg) were separated by sodium dodecyl

sulfate—polyacrylamide gel electrophoresis (SDS—PAGE)

and transferred onto polyvinylidene difluoride (PVDF)

membranes in accordance with the procedures described in

our previous studies.20,21 The membranes were blocked

with 4 % non-fat milk in phosphate-buffered saline with

0.1 % Tween-20 (PBST) for 1 h at room temperature, fol-

lowed by incubation with primary antibodies for 1 h and

subsequently with horseradish peroxidase (HRP)—conju-

gated secondary antibodies for 1 h.

Immunoreactive bands were visualized using a Fujifilm

LAS-3000 imaging system (Fujifilm, Tokyo, Japan).

RNA sequencing and data analysis

Total RNA was extracted from RAW 264.7 cells treated with

or without Antcin K using TRIzol reagent (MDBio, Taipei,

Taiwan). RNA sequencing (RNA-seq) was performed by

Biotools Co., Ltd. (New Taipei City, Taiwan) using a Nova-

Seq X platform (Illumina, San Diego, CA, USA). Data analysis

was conducted using the Biotools Cloud Platform (https://

cloud.toolsbiotech.com/login). Differentially expressed

genes identified from the data were analyzed using the

Kyoto Encyclopedia of Genes and Genomes (KEGG)

database (https://www.genome.jp/kegg/pathway.html)

to explore potential signaling pathways and associated

biological functions.22

Ligature-induced periodontitis model

Eight-week-old Wistar rats, purchased from the National

Laboratory Animal Center (Taipei, Taiwan), were housed in

the animal facility at China Medical University. All experi-

mental procedures were approved by the Animal Research

Ethics Committee (approval no. CMUIACUC-2024-029-2).

The rats were randomly allocated into three groups as

follows: (1) Control group, receiving phosphate-buffered

saline (PBS) without ligature placement; (2) Periodontitis

group (PD), receiving PBS with ligature placement; and (3)

Antcin K-treated group, receiving 30 mg/kg of Antcin K

(intraperitoneal injection) with ligature placement.

The ligature placement around the first molar was per-

formed as previously described.23 Under anesthesia, a

sterile 3-0 silk suture was tied around the cervical region of

the first molars bilaterally in the maxilla. The suture knot

was secured with composite resin on the mesial aspect of

the first molar. In the Control group, no ligature was placed

on the first molars.

After 7 days of ligation, the rats were euthanized, and

both the left and right maxillae were harvested for subse-

quent analyses.

Micro-computed tomography analysis

Micro-computed tomography (micro-CT) analysis was per-

formed on the left maxilla 7 days after ligation. Fixed

specimens were scanned using a micro-CT system (SkyScan

2211, Bruker, Kontich, Belgium) under the following pa-

rameters: tube voltage, 65 kV; current, 80 μA; image res-

olution, 1024 � 1024 pixels and slice thickness of

15 μm.24,25 The distance from the palatal cemento-enamel

junction (CEJ) to the alveolar bone crest (ABC) was

assessed according to previously established methods.24,25

The mean of three measured distances was used as the

representative value for each rat. Volumetric measure-

ments of the furcation region were conducted after

defining a region of interest (ROI) based on standardized

dimensions and anatomical landmarks: (a) a line 0.5 mm

apical to the CEJ of the first molar served as the coronal

limit, extending vertically 1 mm towards the root apex; (b)

a mesial-distal dimension of 3 mm from the mesial CEJ of

the first molar; and (c) a buccal-palatal dimension of

2.5 mm.

Histopathological evaluation

The right maxilla was decalcified in a 10 % ethyl-

enediaminetetraacetic acid (EDTA; Cyrusbioscience, Seat-

tle, WA, USA) solution at 4 �C for a duration of four weeks.

Following decalcification, the tissues were embedded in

paraffin, and bucco-lingual sections measuring 5 μm in

thickness were prepared for hematoxylin and eosin (H&E)

staining (Sigma—Aldrich). TRAP staining was performed

using a commercial kit (Sigma—Aldrich) according to the

manufacturer’s instructions. Multinucleated cells contain-

ing three or more nuclei that exhibited TRAP positivity were

identified as osteoclasts. Quantification of osteoclast

number and area was performed using ImageJ software

(NIH, Bethesda, MD, USA). Osteoclast number was counted

using the Multi-point tool, and osteoclast area was

measured using the Polygon selection tool. Data from three

independent experiments were analyzed. For immunohis-

tochemical (IHC) analysis, tissue sections were incubated

with specific primary antibodies following established pro-

tocols. Sections were stained with antibodies targeting

RANKL (ab9957; Abcam, Cambridge, UK) or OPG (ab734007;

Abcam, Cambridge, UK).26 Briefly, sections were incubated

with primary antibodies, followed by secondary antibody

binding and 3,30-diaminobenzidine (DAB) development

using a Novolink� Polymer Detection System (Leica Bio-

systems, Buffalo Grove, IL, USA). Staining intensity and

percentage scores were combined to calculate the final

staining index.27
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Real-time quantitative polymerase chain reaction

amplification

Total RNA was extracted from the tissues of the left maxilla

using a TRIzol reagent kit (MDBio, Taipei, Taiwan) according

to the manufacturer’s protocol. RNA quantity and purity

were determined by measuring A260/A280 ratios with a

NanoVue spectrophotometer (GE Healthcare, Chicago, IL,

USA). Complementary DNA (cDNA) was synthesized from

1 μg total RNA using an M-MLV reverse transcription kit

Figure 1 Antcin K did not affect cell viability in RAW264.7 cells. (A) Chemical structure of Antcin K. (B) RAW264.7 cells were

treated with Antcin K (0.3—10 μM) for 24 h, and the cell viability was examined by MTT assay. MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide.

Figure 2 Antcin K inhibits RANKL-induced osteoclast formation. (A) RAW264.7 cells were treated with RANKL and Antcin K for 5

days, and the osteoclast number (B) and area (C) were analyzed by TRAP staining. *P < 0.05 compared with the control group.
#

P < 0.05 compared with the RANKL-treated group. RANKL: receptor activator of nuclear factor-κB ligand; TRAP: tartrate-resistant

acid phosphatase.
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(Invitrogen), following the manufacturer’s instructions.

Real-time quantitative polymerase chain reaction (qPCR)

was performed using a KAPA SYBR FAST qPCR Kit (Roche,

Basel, Switzerland).28,29

Statistical analysis

The data are presented as mean � standard deviation (SD).

Statistical significance between experiment groups was

Figure 3 RNA-seq analysis indicated that the focal adhesion pathway is a potential target of Antcin K. (A) The volcano plot shows

the fold change in gene expression after Antcin K treatment. (B) The result of a heatmap of RNA sequencing showing differentially

expressed genes in RAW264.7 cells with or without Antcin K treatment. (C) The biological processes and cellular function were

analyzed by the GO database. (D) Enrichment signaling pathways were analyzed by the KEGG database. RNA-seq: RNA sequencing;

GO: gene ontology; KEGG: Kyoto encyclopedia of genes and genomes.

Figure 4 FAK and PI3K pathways are involved in Antcin K’s effects. (A) Enrichment diagram showing pathways that involve the

FAK and PI3K signaling pathways. (B) RAW264.7 cells were treated with RANKL and Antcin K The FAK and PI3K phosphorylation was

examined by Western blotting. *P < 0.05 compared with the control group.
#

P < 0.05 compared with the RANKL-treated group. FAK:

focal adhesion kinase; PI3K: phosphoinositide 3-kinase; RANKL: receptor activator of nuclear factor-κB ligand.
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evaluated using the two-tailed Student’s t-test. Compari-

sons involving more than two groups were conducted using

one-way ANOVA followed by Tukey’s post hoc test to

determine the significance of differences between groups,

with a significance level set at 0.05. All analyses were

performed with GraphPad Prism 8.0.1 (GraphPad Software,

Boston, MA, USA).

Results

Antcin K inhibits RANKL-induced osteoclast

formation

Periodontitis, a condition characterized by excessive alve-

olar bone resorption, is strongly associated with an increase

in both the number and activity of osteoclasts. Conse-

quently, osteoclasts are considered critical therapeutic

targets for treating disorders involving alveolar bone loss.

We used a macrophage culture system to examine the anti-

osteoclast formation effects of Antcin K (Fig. 1A). First,

stimulation of RAW264.7 cells with Antcin K did not affect

cell viability, nor did it promote cell proliferation, as

determined by the MTT assay (Fig. 1B). After being treated

with RANKL for five days, RAW264.7 cells developed into

large, multinucleated mature osteoclasts. TRAP staining

was used to identify osteoclasts, and the number and area

of TRAP-positive multinucleated cells were quantified

(Fig. 2). Antcin K significantly inhibited RANKL-induced

osteoclast differentiation in a concentration-dependent

manner.

Antcin K suppresses RANKL-induced FAK and PI3K

signaling pathways

To investigate the molecular mechanisms underlying Antcin

K’s anti-osteoclast effects, we conducted RNA-seq analysis

Figure 5 Antcin K inhibits ligature-induced periodontitis in vivo. (A) Micro-CT images from the left side of the maxilla of control,

PD, and Antcin K-treated groups. (B) Quantitative analyses of the CEJ-ABC distances and BV/TV data. *P < 0.05 compared with the

control group.
#

P < 0.05 compared with the PD group. Micro-CT: micro-computed tomography; PD: periodontitis group; CEJ—ABC:

cementoenamel junction—alveolar bone crest; BV/TV: bone volume/tissue volume.
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on RAW 264.7 cells treated with and without Antcin K.

Changes in gene expression following Antcin K treatment

were visualized in volcano and heatmap plots (Fig. 3A and

B). Biological process analysis using the Gene Ontology (GO)

indicated involvement of osteoclast differentiation

(Fig. 3C). Antcin K was found to mediate the focal adhesion

signaling pathway (Fig. 3D), which involves the FAK and

PI3K pathways, as revealed by KEGG enrichment pathway

analysis (Fig. 4A). Antcin K treatment of RAW 264.7 cells

inhibited the phosphorylation of FAK and PI3K induced by

RANKL (Fig. 4B). These findings indicate that Antcin K re-

duces osteoclast generation through the FAK and PI3K

signaling pathways.

Antcin K inhibits ligature-induced periodontitis

in vivo

To assess the therapeutic effects of Antcin K in vivo, a

ligature-induced periodontitis model was used. Micro-CT

analysis showed that the CEJ to ABC distances were

elevated in the ligature group, while Antcin K treatment

significantly reduced these ligature-enlarged CEJ-ABC dis-

tances (Fig. 5A and B). Furthermore, the ligature group

exhibited a significant reduction in bone volume to total

volume (BV/TV) (Fig. 5B). H&E and TRAP staining revealed

that Antcin K prevented the ligature-induced thinning and

discontinuity of the junctional epithelium, as well as

osteoclast formation (Fig. 6A and B). Additionally, IHC and

qPCR analysis showed a significant increase in RANKL and a

reduction in OPG production in the periodontal tissue of the

ligature group (Fig. 6C and D). This upregulated RANKL/OPG

ratio was markedly reduced in the Antcin K-treated group

(Fig. 6D).

Discussion

Periodontal disease is a condition characterized by tissue

destruction resulting from the interplay between perio-

dontopathogenic bacteria and the host immune response.

Certain oral bacterial populations in dental plaque are

precursors to periodontal disease development; however,

once the disease is initiated, additional factors influence its

progression and complicate treatment.30 Major contribu-

tors to periodontal degradation include increased levels of

proinflammatory cytokines and osteoclast activity. Precur-

sor osteoclast cells differentiate into mature osteoclasts in

Figure 6 Antcin K inhibits osteoclast formation and RANKL/OPG ratio in ligature-induced periodontitis model. (A) H&E staining,

(B) TRAP staining, (C) IHC and (D) qPCR analysis and scoring of RANKL and OPG in the maxilla. *P < 0.05 compared with the control

group.
#

P < 0.05 compared with the PD group. H&E: hematoxylin and eosin; TRAP: tartrate-resistant acid phosphatase; IHC:

immunohistochemistry; qPCR: real-time quantitative polymerase chain reaction; RANKL: receptor activator of nuclear factor-κB

ligand; OPG: osteoprotegerin; PD: periodontitis group.
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response to proinflammatory cytokines, leading to patho-

logical changes and ultimately the destruction of affected

tissues.31 Thus, inhibiting osteoclast differentiation and

bone resorption is a critical strategy for managing peri-

odontal disease. In this study, we demonstrated that Antcin

K inhibits osteoclast differentiation from macrophages and

reduces osteoclast formation in a ligature-induced peri-

odontitis model in vivo. Therefore, Antcin K is a promising

candidate for reducing osteoclast activity and treating

periodontal disease.

The dynamic balance between osteoblasts and osteo-

clasts, which regulates the continuous processes of bone

formation and resorption, is essential for maintaining

skeletal homeostasis.32,33 For individuals with osteoporosis,

arthritis, or periodontitis, bone loss is a significant concern.

Reduced bone density, compromised bone structure, and

altered microarchitecture are hallmarks of bone loss that

increase the risk of fractures.34,35 Osteoclasts, activated by

RANKL, play a critical role in both physiological and path-

ological bone resorption.33,36 In this study, we utilized the

widely used RANKL-induced osteoclastogenesis model in

RAW264.7 cells. RANKL stimulation for five days induced

osteoclast differentiation in RAW264.7 cells, as confirmed

by TRAP staining to quantify osteoclast number and area.

Antcin K treatment significantly suppressed RANKL-

mediated osteoclast formation in vitro and reduced oste-

oclast activity in vivo. Additionally, Antcin K altered the

RANKL/OPG ratio, as demonstrated by IHC staining and

qPCR analysis. These findings provide evidence that Antcin

K prevents the progression of periodontal disease by

inhibiting osteoclast formation.

Investigating potential molecular mechanisms is a crit-

ical process in drug discovery. In this study, RNA-seq of

Antcin K-treated RAW264.7 cells revealed that the focal

adhesion signaling pathway―particularly involving FAK and

PI3K―was significantly affected. The FAK—PI3K signaling

cascade plays an essential role in multiple cellular pro-

cesses, including inflammation and differentiation.15,37

Antcin K treatment reduced RANKL-induced phosphoryla-

tion of FAK and PI3K, confirming that this pathway mediates

its anti-osteoclastogenic effects. These results indicate

that modulation of the FAK—PI3K signaling axis underlies

Antcin K’s inhibitory effects on osteoclastogenesis.

For many years, the ligature-induced experimental

periodontitis model has been a reliable and widely used

model.38 Ligation of the cervical area leads to significant

plaque accumulation and sulcular epithelial ulceration.39

This process triggers a host immune response, resulting in

increased inflammatory cell infiltration and alveolar bone

resorption. In the current study, Antcin K attenuated

ligature-induced increases in CEJ-ABC distances and bone

loss. Notably, Antcin K also reduced the ligature-induced

increase in osteoclast number and RANKL levels in the

treated group. These findings collectively demonstrate

that Antcin K prevents the progression of periodontal dis-

ease in a ligature-induced periodontitis model. The pro-

posed mechanism is illustrated in the schematic diagram

(Fig. 7).

In conclusion, we demonstrated that Antcin K suppresses

RANKL-induced osteoclastogenesis by modulating the

FAK—PI3K signaling pathway and mitigates alveolar bone

loss in vivo. These results suggest that Antcin K may serve

Figure 7 Illustration depicting the effects of Antcin K on osteoclast formation during periodontal disease progression. Antcin K

suppresses RANKL-induced osteoclastogenesis from macrophages through the FAK and PI3K signaling pathways. Antcin K also an-

tagonizes periodontal disease development in a ligature-induced periodontitis model in vivo. RANKL: receptor activator of nuclear

factor-κB ligand; FAK: focal adhesion kinase; PI3K: phosphoinositide 3-kinase.
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as a novel natural compound for the treatment of

periodontitis.
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