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Abstract

Background/Objectives: The potential of probiotics and postbiotics as adjunctive or alterna-
tive therapies for periodontal disease, which is characterized by chronic inflammation and
alveolar bone loss, is gaining increasing attention. In this study, we aimed to elucidate the
impact of postbiotic Lactococcus lactis HY449 and Streptococcus thermophilus HY9012 on key
cellular processes implicated in the pathogenesis of periodontitis. Methods: THP-1 cells
were polarized into M1 macrophages by exposure to Porphyromonas gingivalis lipopolysac-
charide in the presence of postbiotics, i.e., heat-killed forms of HY449 or HY9012. The effect
of postbiotics on the differentiation of bone marrow-derived macrophages into osteoclasts
was analyzed using tartrate-resistant acid phosphatase staining. An in vivo mouse model
of ligature-induced periodontitis was used to assess changes in periodontal tissues. Results:
The combination of postbiotic L. lactis HY449 and S. thermophilus HY9012 synergistically
modulated macrophage polarization by significantly suppressing pro-inflammatory M1
markers and enhancing anti-inflammatory M2 markers. Additionally, postbiotic HY449
and HY9012 inhibited osteoclast differentiation, downregulating the expression of key
osteoclastogenic genes and master transcription factors of osteoclast differentiation. In a
mouse model of ligature-induced periodontitis, co-treatment with postbiotic HY449 and
HY9012 demonstrated synergistic effects in reducing alveolar bone loss. Conclusions: The
present findings support the use of postbiotic HY449 or HY9012 as adjunct treatments for
the management of periodontitis.

Keywords: heat-killed probiotics; postbiotics; periodontitis; macrophage polarization;
osteoclastogenesis

1. Introduction
Periodontitis is a severe and advanced form of periodontal disease characterized by

the destruction of tooth-supporting structures, including the periodontal ligament and
alveolar bone [1]. It is a chronic inflammatory process involving a complex interplay of
microbial, inflammatory, and immune responses that ultimately leads to tissue destruction
and bone loss [2]. With growing evidence associating periodontitis with systemic diseases,
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such as diabetes, cardiovascular disease, and rheumatoid arthritis, it has become even
more urgent to develop appropriate pharmacological intervention strategies [3]. These
strategies should focus on addressing bacterial biofilm formation, modulating host immune
responses, and preventing bone resorption [4].

Macrophages play a crucial role in the immune response and tissue remodeling in
periodontitis [5]. Their function is influenced by their polarization state, which is generally
categorized as either M1 (pro-inflammatory) or M2 (anti-inflammatory). They participate
in the destructive and repair stages of periodontal disease [6]. Osteoclasts are multinuclear
bone-resorbing cells that originate from the fusion of hematopoietic monocyte/macrophage
lineage cells and contribute to bone remodeling [7]. Dysregulated osteoclastogenesis, in-
cluding the abnormal production and excessive activation of osteoclasts during periodon-
titis, plays a pivotal role in the destruction of alveolar bone, leading to tooth mobility
and eventual tooth loss [8]. Recently, the development of biomodulators that influence
macrophage polarization or osteoclastogenesis has emerged as an innovative approach for
periodontal therapy [9].

Probiotics and postbiotics have also emerged as promising adjunctive treatment for
periodontitis by modulating the oral microbiota, producing antimicrobial substances, and
regulating host immune response [10,11]. Lactococcus lactis and Streptococcus thermophilus are
probiotic, facultative, gram-positive anaerobic bacteria [12,13]. They have been shown to
block adhesion of cariogenic bacteria to the tooth surface, exert antimicrobial activity against
periodontopathogens, and exhibit anti-inflammatory properties against human peripheral
blood mononuclear cells [12,14,15]. Despite the promising antimicrobial properties of
L. lactis HY449 and S. thermophilus HY9012 [12,14], their immunomodulatory capacity in
regulating host inflammatory responses and bone remodeling processes remains unclear.

Due to limited colonization and safety concerns of live probiotics, postbiotics including
heat-killed strains offer a safer and more stable therapeutic alternative for periodontal
disease [11]. This study aimed to elucidate the effect of the postbiotics—specifically,
heat-killed L. lactis HY449 (HK-HY449) and S. thermophilus HY9012 (HK-HY9012)—on
macrophage polarization and osteoclast differentiation in vitro, and to assess their thera-
peutic efficacy in experimental periodontitis models in vivo.

2. Materials and Methods
2.1. Reagents and Antibodies

Recombinant receptor activator of nuclear factor κB ligand (RANKL) and macrophage
colony-stimulating factor (M-CSF) were obtained from PROSPEC (East Brunswick, NJ,
USA) and PeproTech (Rocky Hill, NJ, USA), respectively. A tartrate-resistant acid phos-
phatase (TRAP) staining kit was obtained from Sigma-Aldrich (St. Louis, MO, USA).
PerCP/Cyanine5.5-conjugated CD80 and CD86 antibodies were obtained from BioLegend
(San Diego, CA, USA). Antibodies against human extracellular signal-regulated kinase
(ERK), phospho-ERK, p38 mitogen-activated protein kinase (MAPK), phospho-p38 MAPK,
c-Jun N-terminal kinase (JNK), phospho-JNK, AKT, phospho-AKT, STAT1, phospho-STAT1,
STAT6, and phospho-STAT6 were purchased from Cell Signaling Technology (Danvers,
MA, USA). Antibodies against c-Fos and nuclear factor of activated T-cells cytoplasmic 1
(NFATc1) were obtained from Santa Cruz Biotechnology (Dallas, TX, USA). The β-actin an-
tibody was purchased from Bioworld Technology (St. Louis Park, MN, USA). Horseradish
peroxidase-conjugated goat anti-rabbit and anti-mouse IgG antibodies were purchased
from Thermo Fisher Scientific (Waltham, MA, USA).



Nutrients 2025, 17, 2638 3 of 15

2.2. Preparation of Postbiotics

Postbiotic L. lactis HY449 (HK-HY449) and S. thermophilus HY9012 (HK-HY9012) were
obtained from hy Co., Ltd. (Yongin, Republic of Korea). The culture media of the two strains
were individually subjected to thermal inactivation at 121 ± 6 ◦C for 20 ± 10 min. The
inactivated preparations were subsequently lyophilized and provided in powder form. The
postbiotics were resuspended in phosphate-buffered saline (PBS) for use in both in vitro
and in vivo experiments. In all experiments, HK-HY449, HK-HY9012, and a 1:1 mixture of
the two strains were used.

2.3. MTT Assay

Cell viability following treatment with HK-HY449 and HK-HY9012 was evaluated
using the MTT assay. Cells were seeded in 24-well plates and exposed to varying multiplic-
ities of infection (MOIs of 1–200) of HK-HY449, HK-HY9012, or vehicle control for up to
3 days. At the indicated time points, MTT solution (5 mg/mL in PBS) was added to each
well, followed by a 3 h incubation. The resulting formazan crystals were solubilized in
DMSO, and absorbance was measured at 570 nm using a microplate reader.

2.4. Macrophage Polarization

Human monocytic THP-1 cells were purchased from the Korea Cell Line Bank (Seoul,
Republic of Korea) and grown in RPMI 1640 medium (Gibco, Billings, MT, USA) with 10%
fetal bovine serum (Gibco), 1% penicillin–streptomycin (Gibco), and 5 µg/mL Plasmocin®

(Invitrogen, Carlsbad, CA, USA). THP-1 cells were differentiated into macrophages by
treatment with 150 nM phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich) for 24 h. To
obtain M1 macrophages, M0 macrophages were incubated with 1 µg/mL Porphyromonas gin-
givalis lipopolysaccharide (LPS) (InvivoGen, San Diego, CA, USA) and 20 ng/mL interferon
(IFN)-γ (R&D Systems, Minneapolis, MN, USA) and were collected at the indicated time
points. For M2 macrophage polarization, M0 macrophages were treated with 20 ng/mL
interleukin (IL)-4 and 20 ng/mL IL-13 (R&D Systems). The cells were grown at 37 ◦C in a
humidified environment composed of 95% air and 5% CO2.

2.5. In Vitro Osteoclast Differentiation

To obtain osteoclast precursors, bone marrow-derived macrophages (BMMs) were
isolated from 5-week-old ICR mice. Bone marrow cells were isolated by flushing the
femurs and tibiae with α-MEM using a syringe. The harvested cells were treated with red
blood cell lysis buffer to remove erythrocytes. The cells were then plated in culture dishes
and incubated overnight with α-MEM, 10% fetal bovine serum, and 1% antibiotics. The
following day, non-adherent cells were transferred to Petri dishes and cultured in medium
supplemented with 30 ng/mL M-CSF for 3 days. Adherent cells were then detached using
a mechanical scraper and used as osteoclast precursors. For osteoclastogenesis, BMMs were
incubated in osteoclastogenic medium (culture medium supplemented with 30 ng/mL
M-CSF and 100 ng/mL RANKL) for 5 days. The medium was replaced every 2–3 days.
After 5 days of incubation, osteoclast differentiation was assessed using TRAP staining.

2.6. Reverse Transcription-Quantitative PCR (RT-qPCR)

Total RNA was isolated using a RiboEx kit (GeneAll, Seoul, Republic of Korea)
and reverse-transcribed using a reverse transcription kit (Promega, Madison, WI, USA).
Real-time PCR was performed using SYBR Green premix (Enzynomix, Daejeon, Repub-
lic of Korea). Cycling parameters included one cycle at 95 ◦C for 10 min, followed
by amplification for 40 cycles at 95 ◦C for 15 s, 60 ◦C for 60 s, and 72 ◦C for 7 s;
the process was performed in a thermocycler (Applied Biosystems, Foster City, CA,
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USA). The primer sequences used for real-time PCR were as follows: mouse β-actin,
5′-TCTGGCACCACACCTTCTAC-3′ and 5′-TACGACCAGAGGCATACAGG-3′; mouse
TRAP, 5′-CGACCATTGTTAGCCACATACG-3′ and 5′-TCGTCCTGAAGATACGGTT-3′;
mouse cathepsin K (CTK), 5′-ATATGTGGGCCACCATGAAAGTT-3′ and 5′-TCGTTCC-
CCACAGGAATCTCT-3′; mouse dendritic cell-specific transmembrane protein (DC-STAMP),
5′-GGGTGCTGTTTGCCGCTG-3′ and 5′-CGACTCCTTGGGTTCCTTGCT-3′; mouse RANKL,
5′-AGGCTGGGCCAAGATCTCTA-3′ and 5′-GTCTGTAGGTACGCTTCCCG-3′; human β-
actin, 5′-ACTCTTCCAGCCTTCCTTCC-3′ and 5′-TGTTGGCGTACAGGTCTTTG-3′; human
CD80, 5′-CGGAGGCAGGGAACATCACC-3′ and 5′-TGACCACAGGACAGCGTTGC-3′; hu-
man CD86, 5′-TCGTGATGGCCTTCCTGCTC-3′ and 5′-TGCAAATTGGCAAGGCAGGT-3′; hu-
man CD163, 5′-TGGCATGCAAGCAAC TGGGA-3′ and 5′-GCAGGTTCATGTCCCTGGCA-3′;
human CD206, 5′-GCCGTATGCCGGTCACTGTT-3′ and 5′-AGGTCACCGCCTTCCTTCCT-3′;
human IL-6, 5′-CTAGAGTACCTCCAGAACAGATTTGA-3′ and 5′-TCAGCAGGCTGGCATTT-
3′; human IL-1β, 5′-GACCTGGACCTCTGCCCTCT-3′ and 5′-CTGCCTGAAGCCCTTGCTGT-
3′; human tumor necrosis factor (TNF)-α, 5′-CAGGCGGTGCTTGTTCCTCA-3′ and 5′-
AGTGCAGCAGGCAGAAGAGC-3′; and human IL-10, 5′-TTAAGGGTTACCTGGGTTGC-
3′ and 5′-TTCACGTGCTCCTTGATGTC-3′.

2.7. Western Immunoblot Assay

Approximately 30 µg of total protein per lane was loaded on 10% bis-acrylamide
gels, and electrophoresis was performed at 80 V for 2 h. The separated proteins were
transferred to nitrocellulose membranes (Amersham Pharmacia Biotech, Uppsala, Sweden).
The membranes were blocked in 5% skim milk for 1 h under agitation and probed with pri-
mary antibodies for 16 h at 4 ◦C. Next, the membranes were washed three times for
10 min each with PBS and incubated for 1 h at room temperature with horseradish
peroxidase-conjugated goat anti-rabbit IgG or goat anti-mouse IgG secondary antibodies.
The signal was developed using an enhanced chemiluminescence solution (Amersham
Pharmacia Biotech) and visualized using an Azure 300 imaging system (Azure Biosystems,
Dublin, CA, USA).

2.8. Flow Cytometry Analysis

M0 macrophages were polarized into the M1 or M2 phenotype in the presence or
absence of HK-HY449, HK-HY9012, or their combination. After 48 h of polarization, M1
macrophages were incubated with PerCP/Cyanine5.5-conjugated anti-CD86 antibodies
(2 µg/mL), and M2 macrophages with PerCP/Cyanine5.5-conjugated anti-CD206 antibod-
ies (2 µg/mL) for 1 h at 4 ◦C. The cells were then washed twice with PBS and analyzed
by flow cytometry (BD Biosciences, Franklin Lakes, NJ, USA), and the mean fluorescence
intensity (MFI) was quantified using FlowJo software v10.8.1 (Tree Star, Ashland, OR, USA).

2.9. Enzyme-Linked Immunosorbent Assay (ELISA)

Cytokine secretion in conditioned medium was analyzed using ELISA kits accord-
ing to the manufacturer’s instructions. IL-6, IL-1β, and TNF-α were measured with a
human pro-inflammatory cytokine multiplex ELISA kit (Arigo Biolaboratories, Hsinchu,
Taiwan), while IL-10 was quantified using a separate ELISA kit (ABclonal, Woburn, MA,
USA). Absorbance was recorded at 450 nm using a microplate reader (BIOAND, Guri,
Republic of Korea for multiplex; Dynex for IL-10) and cytokine concentrations were cal-
culated by interpolating sample values onto standard curves generated according to the
respective protocols.
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2.10. Ligature-Induced Periodontitis in Mice

Animal treatment and husbandry were performed in accordance with the principles
of laboratory animal care. Animal experiments were performed using protocols approved
by the Pusan National University Institutional Animal Use and Care Committee (PNU-
2024-0401). C57BL/6J wild-type male mice (6 weeks old; 22–25 g) were purchased from
Orient Co., Ltd. (Gapyeong, Republic of Korea). Mice were divided into five groups: a
negative control group, a ligature-induced periodontitis (LIP) + vehicle group, LIP + HK-
HY449 group, LIP + HK-HY9012 group, and LIP + combined HK-HY449 and HK-HY9012
group. Each group consisted of four mice housed together in a single cage. Ligature-
induced periodontitis was achieved as previously described [7]. Briefly, the ligatures were
placed around the left maxillary second molars using a 5–0 silk suture (AILEE Inc., Busan,
Republic of Korea) with a surgical knot. One day after ligature placement, the animals were
administered daily oral gavage of HY449, HY9012, or both (1 × 109 cells) for 14 days [16] and
the maxillae were collected on day 14. The maxillae were fixed with 4% paraformaldehyde
and subjected to micro-computed tomography (MicroCT.SMX-90 CT; Shimadzu Corp.,
Kyoto, Japan). Images were captured under a rotation of 360◦, with an intensity of 90 kV
and 100 mA, and reconstituted using Analyze 12.0 (AnalyzeDirect, Inc., Overland Park, KS,
USA). Sagittal sections of the maxillary second molars were obtained using the apex of the
mesiobuccal and distobuccal roots as references. The level of bone resorption was calculated
as the distance from the palatal and mesiobuccal CEJ to the ABC. RNA was isolated from
mouse gingival tissues using the RNeasy kit (Qiagen GmbH, Hilden, Germany) according
to the manufacturer’s instructions.

2.11. Statistical Analysis

Data are represented as mean ± standard deviation of at least three independent
experiments. Statistical comparisons were performed using Student’s t-test for pairwise
group comparisons. All analyses were conducted using IBM SPSS v27 (Chicago, IL, USA),
and a p-value < 0.05 was considered statistically significant.

3. Results
3.1. HK-HY449 and HK-HY9012 Alter M1/M2 Marker Expression During Macrophage Polarization

To investigate the potential roles of HK-HY449 and HK-HY9012 in macrophage polar-
ization, we first assessed their effects on the viability of THP-1-derived M0 macrophages.
Human THP-1 monocytes were differentiated into stable M0 macrophages by treatment
with PMA and subsequently exposed to HK-HY449 or HK-HY9012 at 1–200 MOIs. Cell
viability was monitored over 3 days using the MTT assay. As shown in Figure 1a, nei-
ther HK-HY449 nor HK-HY9012 induced significant cytotoxicity at MOI = 1, whereas
higher MOIs (≥10) resulted in a time-dependent loss of viability. Accordingly, MOI = 1
was selected for all subsequent polarization experiments. We then assessed how HK-
HY449, HK-HY9012, and their mixture at a 1:1 ratio affected macrophage polarization
toward M1 and M2 phenotypes. M0 macrophages were stimulated with P. gingivalis LPS
and IFN-γ to induce M1 polarization, or with IL-4 and IL-13 to induce M2 polarization,
in the presence of HK-HY449, HK-HY9012, or their combination. As expected, mRNA
expression of CD80 and CD86, prototypical M1 markers, was significantly elevated in
M1-polarized macrophages compared to M0 controls. While HK-HY449 or HK-HY9012
alone had minimal effects, their combination exerted a synergistic effect, markedly reduc-
ing the expression of these markers (Figure 1b). Conversely, the expression of CD163 and
CD206 (canonical M2 markers) increased substantially under M2-polarizing conditions.
Notably, co-treatment with HK-HY449 and HK-HY9012 further amplified this response,
whereas individual treatments had little effect on M2 polarization (Figure 1c). Consistent
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with these transcriptional changes, flow cytometric analysis revealed that co-treatment
with HK-HY449 and HK-HY9012 significantly reduced surface expression of CD86 in M1
macrophages (Figure 1d) and enhanced CD206 expression in M2 macrophages (Figure 1e).

Figure 1. Effect of HK-HY449 and HK-HY9012 on the polarization of M1 and M2 macrophages.
(a) THP-1 cells were differentiated into M0 macrophages by treatment with 150 nM PMA for 24 h,
followed by incubation with varying MOIs of HK-HY449 and HK-HY9012. Cell viability was
determined by the MTT assay daily over a period of 3 days. (b,c) THP-1 cells were exposed to
M1 differentiation medium (1 µg/mL P. gingivalis LPS and 20 ng/mL IFN-γ) or M2 differentiation
medium (20 ng/mL each of IL-4 and IL-13), either alone or in combination with HK-HY449 and
6-HY9012, for 48 h. The mRNA levels of CD80, CD86, CD163, and CD206 were analyzed using
RT-qPCR. Expression of the control was set to 1, and values were normalized to β-actin mRNA.
(d,e) Cell surface expression of CD86 and CD206 was measured by flow cytometry, quantifying
both the percentage of positive cells and mean fluorescence intensity (MFI). All quantitative data are
presented as mean ± standard deviation; * p < 0.05 vs. M0, # p < 0.05 vs. M1.

3.2. HK-HY449 and HK-HY9012 Differentially Modulate M1/M2 Cytokine Expression and
Polarization-Associated Signaling Pathways

M1 and M2 macrophages are functionally distinct subsets characterized by differential
cytokine profiles [17]. M1 macrophages produce pro-inflammatory cytokines, such as TNF-
α, IL-6, and IL-1β, whereas M2 macrophages secrete anti-inflammatory cytokines such as
IL-10, which contribute to inflammation resolution and tissue repair. To assess whether HK-
HY449 and HK-HY9012 modulated these functional phenotypes, we examined their effects
on cytokine expression during macrophage polarization. As shown in Figure 2a, TNF-α,
IL-6, and IL-1β mRNA levels were strongly upregulated in M1 macrophages. Although
treatment with HK-HY449 or HK-HY9012 alone had minimal suppressive effects, their
combined administration markedly attenuated the expression of these pro-inflammatory
cytokines. In M2 macrophages, IL-10 expression was modestly elevated by individual
treatments, while a 1:1 mixture of HK-HY449 and HK-HY9012 had an additive effect.
ELISA confirmed the agreement between expression and secretion of TNF-α, IL-6, IL-1β,
and IL-10 (Figure 2b). STAT1 is a key transcription factor activated by IFN-γ and plays a
central role in promoting M1 macrophage polarization [18]. In addition, MAPK pathways,
including JNK, ERK, and p38 MAPK, are primarily activated by microbial stimuli such
as LPS and contribute to the induction of pro-inflammatory mediators [19,20]. Based on
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these mechanisms, we examined whether HK-HY449 and HK-HY9012 modulated the
activation of STAT1 and MAPK pathways in M1-polarized macrophages. As shown in
Figure 2c and Supplementary Figure S1a, M1 polarization increased the phosphoryla-
tion of STAT1, JNK, ERK, and p38. Treatment with HK-HY449 or HK-HY9012 par-
tially attenuated this phosphorylation, whereas co-treatment resulted in a more pro-
nounced suppressive effect. In contrast, STAT3, STAT6, and AKT signaling pathways
regulate M2 macrophage polarization associated with anti-inflammatory responses [21,22].
Figure 2d and Supplementary Figure S1b shows that the phosphorylation of STAT3, STAT6,
and AKT was elevated in M2-polarized macrophages and was further enhanced by co-
treatment with HK-HY449 and HK-HY9012.

Figure 2. Effect of HK-HY449 and HK-HY9012 on inflammatory cytokine secretion and polarization-
associated signaling pathways in M1 and M2 macrophages. THP-1 cells were exposed to M1 or
M2 differentiation medium alone or in combination with HK-HY449 and HK-HY9012 for 48 h.
(a) The mRNA levels of TNF-α, IL-6, IL-1β, and IL-10 were analyzed by RT-qPCR. Expression of the
control was set to 1, and values were normalized to β-actin mRNA. (b) TNF-α, IL-6, IL-1β, and IL-10
concentrations in cell culture medium were determined by ELISA. All quantitative data are presented
as mean ± standard deviation; * p < 0.05 vs. M0, # p < 0.05 vs. M1. THP-1 cells were polarized toward
the M1 or M2 phenotype for 24 h, during which HK-HY449, HK-HY9012, or their combination was
administered for the final hour of the differentiation process. (c,d) Western blots probed with anti-
STAT1, anti-phospho-STAT1, anti-JNK, anti-phospho-JNK, anti-ERK, anti-phospho-ERK, anti-p38,
anti-phospho-p38, anti-STAT6, anti-phospho-STAT6, anti-STAT3, anti-phospho-STAT3, anti-AKT, and
anti-phospho-AKT antibodies. Anti-β-actin was used as a loading control.

3.3. HK-HY449 and HK-HY9012 Suppress Osteoclast Differentiation by Modulating
Osteoclastogenic Gene Expression and MAPK Signaling Pathways

To investigate the effect of HK-HY449 and HK-HY9012 on osteoclast differentiation,
BMMs were cultured in the presence of HK-HY449 or HK-HY9012 during the differenti-
ation process. Prior to that, the viabilities of HK-HY449 and HK-HY9012 were assessed.
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BMMs were exposed to varying MOIs and cell viability was evaluated using the MTT
assay over a period of 3 days (Figure 3a). Neither HK-HY449 nor HK-HY9012 showed
notable cytotoxicity at MOI = 1, whereas both exhibited cytotoxic effects at higher MOI.
Subsequent experiments were conducted at MOI = 1 to minimize potential cytotoxic ef-
fects. For osteoclast differentiation, BMMs were cultured for 5 days in the presence of
HK-HY449, HK-HY9012, or both. The extent of osteoclast differentiation was assessed
by TRAP staining, and the number of multinucleated TRAP-positive cells was quantified
(Figure 3b). HK-HY449 significantly inhibited RANKL-induced osteoclast differentiation,
whereas HK-HY9012 exhibited a relatively modest inhibitory effect. Notably, co-treatment
with HK-HY449 and HK-HY9012 suppressed osteoclast differentiation to a level similar to
that observed with HK-HY449 alone. To identify the molecular mechanisms underlying
osteoclast differentiation and function, the effect of HK-HY449 and HK-HY9012 on the
expression of osteoclast-specific TRAP, CTK, and DC-STAMP genes was examined. TRAP
and CTK are well-established osteoclastogenic markers that contribute to the formation
of mature osteoclasts [23], whereas DC-STAMP plays a pivotal role in osteoclast cell–cell
fusion, a critical step in osteoclast maturation [24]. As expected, RANKL stimulation signif-
icantly upregulated the transcription of these genes. Instead, treatment with HK-HY449 or
HK-HY9012 alone significantly suppressed it, and co-treatment maintained this suppressive
effect at a similar level (Figure 4a). We next examined the protein expression of two master
transcriptional regulators of osteoclast differentiation, c-Fos and NFATc1, which function
downstream of RANKL and are essential for the transcriptional activation of osteoclast-
specific genes [25,26]. Treatment with either HK-HY449 or HK-HY9012 alone markedly
reduced RANKL-induced c-Fos and NFATc1 expression, and co-treatment resulted in a
similar level of suppression (Figure 4b, Supplementary Figure S2a). To investigate upstream
signaling events, we analyzed the phosphorylation status of MAPKs, including p38, JNK,
and ERK, which mediate the RANKL-induced activation of c-Fos and NFATc1 [27–29].
RANKL stimulation led to strong phosphorylation of all three MAPKs. Treatment with
HK-HY449 and HK-HY9012 reduced p38 MAPK and JNK phosphorylation, whereas ERK
phosphorylation remained relatively unaffected (Figure 4c, Supplementary Figure S2b).

 

Figure 3. Effect of HK-HY449 and HK-HY9012 on cell viability and osteoclast differentiation.
(a) BMMs were incubated with various MOIs of HK-HY449 and HK-HY9012. Cell viability was
determined by the MTT assay daily over a period of 3 days. (b) During osteoclast differentiation,
HK-HY449 and HK-HY9012 were added each time RANKL was replenished every 2–3 days. After
5 days, TRAP staining was performed. The number of TRAP-positive multinucleated cells was
quantified. All quantitative data are presented as mean ± standard deviation; * p < 0.05 vs. control.
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Figure 4. Effect of HK-HY449 and HK-HY9012 on expression of osteoclast-related genes and signaling
pathways. BMMs were incubated in osteoclastogenic medium with HK-HY449 and HK-HY9012
for 5 days. (a) The mRNA levels of DC-STAMP, CTK, and TRAP were evaluated by real-time PCR.
Expression of the control was set to 1, and values were normalized to β-actin mRNA. (b) Protein levels
of c-Fos and NFATc1 were evaluated by Western blotting. (c) BMMs were treated with HK-HY449
and HK-HY9012 in osteoclastogenic medium for 10 min. The cell lysate was analyzed by Western
blotting to detect phosphorylated p38, ERK, and JNK. Anti-β-actin was used as loading control. All
quantitative data are presented as mean ± standard deviation; * p < 0.05 vs. control groups.

3.4. HK-HY449 and HK-HY9012 Attenuate Alveolar Bone Loss and Inflammation in a
Ligature-Induced Periodontitis Model

The ligature-induced periodontitis model consistently reproduced the key patholog-
ical features of human periodontal disease, including inflammation and alveolar bone
loss [30]. The model was employed to evaluate the therapeutic potential of HK-HY449 and
HK-HY9012. As shown in a schematic diagram (Figure 5a), periodontitis was induced by
placing a ligature around the right maxillary second molar, followed by daily oral admin-
istration of HK-HY449, HK-HY9012, or their combination for 14 days. Micro-computed
tomography confirmed that ligation led to a pronounced reduction in alveolar bone height
around the maxillary second molar, with the most severe bone loss observed in the vehicle-
treated group. While the individual administration of HK-HY449 or HK-HY9012 had
minimal effects, their combined addition had a strong protective impact, significantly
mitigating alveolar bone loss compared to either treatment alone (Figure 5b). Consistently,
the CEJ–ABC distance, an established quantitative metric of periodontal destruction, was
significantly increased in the vehicle group but was substantially reduced by HK-HY449
and HK-HY9012 co-treatment (Figure 5c). RT-qPCR analysis of gingival tissues revealed
significant upregulation of RANKL following ligation-induced periodontitis, reflecting
its role in bone resorption. This increase was markedly attenuated by co-treatment with
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HK-HY449 and HK-HY9012 (Figure 5d). Furthermore, to assess systemic inflammatory
responses, serum levels of TNF-α, IL-6, and IL-1β were analyzed. These pro-inflammatory
cytokines were elevated in the vehicle group but declined significantly upon co-treatment
with HK-HY449 and HK-HY9012 (Figure 5e). Consistent with the ELISA results, RT-qPCR
analysis of gingival tissues showed a similar reduction in TNF-α, IL-6, and IL-1β expression
(Supplementary Figure S3).

 
Figure 5. Effect of HK-HY449 and HK-HY9012 on ligature-induced periodontitis in an in vivo mouse
model. Ligatures were placed around the left maxillary second molars, and mice received daily
oral gavage of HK-HY449, HK-HY9012, or their combination for 14 days. Maxillae were collected
on day 14. (a) Schematic timeline of ligature-induced periodontitis and probiotic administration.
(b) Representative micro-computed tomography images showing vertical bone loss around the maxil-
lary second molars after 14 days of ligation. (c) Alveolar bone loss was quantified by measuring the
distance between the cementoenamel junction and the alveolar bone crest (CEJ–ABC) at the anterior
and posterior buccal regions and the palatal centerline of the second molar using 3D reconstructions.
(d) Relative mRNA expression levels of RANKL in gingival tissue, analyzed by RT-qPCR and nor-
malized to β-actin. (e) Serum concentrations of TNF-α, IL-6, and IL-1β were measured by ELISA.
All quantitative data are presented as mean ± standard deviation; * p < 0.05 vs. control, # p < 0.05 vs.
ligature-induced periodontitis.
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4. Discussion
Recent advances in next-generation sequencing have uncovered an imbalance in

the composition and function of host microbiota, a condition commonly known as
dysbiosis [31]. Experimental and clinical studies have indicated that dysbiosis of the
oral microbiota may play a crucial role in the development of periodontitis [32]. Periodontal
disease-induced dysbiosis is not confined to the oral cavity, but can translocate to the
gastrointestinal tract, disrupting the gut microbiome balance and contributing to various
systemic diseases [33–35]. Importantly, the interconnection between oral and gut dysbiosis
represents a bidirectional pathway, because gut microbiota may also contribute to the
development of periodontitis [36]. Probiotics have garnered attention for their potential
positive influence on oral and gut microbiota [37,38]. In particular, heat-killed probiotics
offer immunomodulatory and barrier-protective effects comparable to those of live strains,
without the safety concerns associated with bacterial translocation or antibiotic resistance
gene transfer [39]. Recently, heat-killed Lacticaseibacillus paracasei has been found to exert
a significant anti-osteoporotic effect by modulating the gut microbiota [40]. In addition,
heat-killed probiotics, such as Lactobacillus salivarius subsp. salicinius and Lactobacillus
paracasei, can enhance the oral microbiota by favoring beneficial populations and poten-
tially inhibiting pathogenic bacteria associated with periodontitis [41]. Based on these
observations, future studies should determine whether heat-inactivated L. lactis HY449 or
S. thermophilus HY9012 modulate oral and gut dysbiosis in an in vivo periodontitis model.

Probiotics, bisphosphonates, nonsteroidal anti-inflammatory drugs, and statins are
considered host modulatory agents for the treatment of periodontal diseases [42,43]. Host
modulation therapy in the context of periodontitis is an advanced therapeutic approach
that seeks to manage periodontal disease by altering the host immune and inflammatory
responses rather than targeting solely bacterial infections [44,45]. Recent studies have
suggested that probiotics, including their heat-killed forms, may serve as effective host-
modulating agents for the management of periodontitis [46–48]. The potential mechanisms
by which probiotics could alleviate the pathogenesis of periodontitis in vitro and in pre-
clinical animal studies include modulation of the balance between pro-inflammatory and
anti-inflammatory responses, regulation of T cell activity, enhancement of mucosal bar-
rier function, and regulation of bone metabolism [3,49] Heat-killed Lactobacillus plantarum
L-137 modulated the host immune response, enhancing Th1-related immune functions,
and potentially reduced probing depth in periodontitis patients [50]. In this study, we
demonstrated that HK-HY449 and HK-HY9012 regulated the polarization of macrophages,
reduced osteoclastogenesis in vitro, and improved periodontal inflammation in an ex-
perimental periodontitis animal model. In addition, we observed that HK-HY449 and
HK-HY9012, especially in combination, further reduced the expression of MMP-3, MMP-13,
hs-CRP, and RANKL in human periodontal ligament fibroblasts under inflammatory condi-
tions, suggesting a synergistic anti-inflammatory effect (Supplementary Figure S4). These
findings are consistent with the results observed in M1/M2 macrophages and the in vivo
periodontitis model, further strengthening the mechanistic relevance and therapeutic po-
tential of the combined formulation. Future studies are warranted to evaluate whether
HK-HY449, HK-HY9012, or their combination could serve as an adjunctive treatment for
patients with periodontitis and to clarify the underlying mechanisms of action.

Recent investigations have revealed the significant influence of M1 and M2 macrophage
phenotypes on the regulation of osteoclastogenesis and subsequent alveolar bone resorption [8].
The ratio of M1 to M2 macrophages correlates positively with the severity of periodontal
diseases, which is associated with the expression of pro-inflammatory cytokines IL-1β and
MMP-9 in gingival tissues [5,6]. Elevated levels of M1 macrophages within periodontal
tissues correlated positively with enhanced alveolar bone resorption in an animal model of
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periodontitis [5]. Macrophage polarization toward the M2 phenotype prevents alveolar
bone loss in mouse periodontitis [51]. Here, the combination of L. lactis and S. thermophilus
reduced P. gingivalis LPS-induced polarization of M1 macrophages. These findings further
indicate that the administration of postbiotic L. lactis or S. thermophilus has the potential
to modulate the M1/M2 macrophage polarization ratio within periodontal tissues of an
in vivo ligature-induced periodontitis model.

5. Conclusions
In conclusion, our study demonstrates that HK-HY449 and HK-HY9012 modulate

inflammatory responses and bone resorption in periodontitis. By demonstrating their
capacity to modulate osteoclast differentiation and macrophage polarization, we identified
potential therapeutic mechanisms that may complement conventional treatment strategies
for periodontitis. However, further studies are needed to validate the efficacy and safety of
HK-HY449 and HK-HY9012 in humans through well-controlled clinical trials. Additionally,
the effect of postbiotic treatment on the composition of the oral microbiota was not assessed
in this study, which may be important for understanding its long-term clinical outcomes.
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Effects of HK-HY449 and HK-HY9012 on inflammatory gene expression in periodontal ligament
fibroblasts stimulated with P. gingivalis LPS.; Table S1: Primer sequences for real-time PCR.
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ELISA Enzyme-linked immunosorbent assay
ERK Extracellular signal-regulated kinase
IFN Interferon
IL Interleukin
JNK c-Jun N-terminal kinase
LPS Lipopolysaccharide
M-CSF Macrophage colony-stimulating factor
MAPK Mitogen-activated protein kinase
MOI Multiplicity of infection
NFATc1 Nuclear factor of activated T-cells cytoplasmic 1
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PMA Phorbol 12-myristate 13-acetate
RANKL Receptor activator of nuclear factor κB ligand
RT-qPCR Reverse transcription-quantitative PCR
TNF-α Tumor necrosis factor-α
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References
1. Pihlstrom, B.L.; Michalowicz, B.S.; Johnson, N.W. Periodontal Diseases. Lancet 2005, 366, 1809–1820. [CrossRef]
2. Zhang, M.; Liu, Y.; Afzali, H.; Graves, D.T. An Update on Periodontal Inflammation and Bone Loss. Front. Immunol. 2024, 15,

1385436. [CrossRef] [PubMed]
3. Hajishengallis, G. Periodontitis: From Microbial Immune Subversion to Systemic Inflammation. Nat. Rev. Immunol. 2015, 15,

30–44. [CrossRef]
4. Haque, M.M.; Yerex, K.; Kelekis-Cholakis, A.; Duan, K. Advances in Novel Therapeutic Approaches for Periodontal Diseases.

BMC Oral Health 2022, 22, 492–496. [CrossRef] [PubMed]
5. Yin, L.; Li, X.; Hou, J. Macrophages in Periodontitis: A Dynamic Shift between Tissue Destruction and Repair. Jpn. Dent. Sci. Rev.

2022, 58, 336–347. [CrossRef]
6. Sun, X.; Gao, J.; Meng, X.; Lu, X.; Zhang, L.; Chen, R. Polarized Macrophages in Periodontitis: Characteristics, Function, and

Molecular Signaling. Front. Immunol. 2021, 12, 763334. [CrossRef]
7. Choi, Y.; Heo, S.C.; Kim, Y.N.; Joo, J.; Hwang, J.J.; Bae, M.; Kim, H.J. Gastrin-Releasing Peptide (GRP) Stimulates Osteoclastogenesis

in Periodontitis. Cells 2020, 10, 50. [CrossRef] [PubMed]
8. AlQranei, M.S.; Chellaiah, M.A. Osteoclastogenesis in Periodontal Diseases: Possible Mediators and Mechanisms. J. Oral Biosci.

2020, 62, 123–130. [CrossRef]
9. Liao, W.; Ni, C.; Ge, R.; Li, Y.; Jiang, S.; Yang, W.; Yan, F. Nel-Like Molecule Type 1 Combined with Gold Nanoparticles Modulates

Macrophage Polarization, Osteoclastogenesis, and Oral Microbiota in Periodontitis. ACS Appl. Mater. Interfaces 2024, 16, 8442–8458.
[CrossRef]

10. Di Stefano, M.; Santonocito, S.; Polizzi, A.; Mauceri, R.; Troiano, G.; Lo Giudice, A.; Romano, A.; Mascitti, M.; Isola, G. A
Reciprocal Link between Oral, Gut Microbiota during Periodontitis: The Potential Role of Probiotics in Reducing Dysbiosis-
Induced Inflammation. Int. J. Mol. Sci. 2023, 24, 1084. [CrossRef]

11. Moraes, R.M.; Schlagenhauf, U.; Anbinder, A.L. Outside the Limits of Bacterial Viability: Postbiotics in the Management of
Periodontitis. Biochem. Pharmacol. 2022, 201, 115072. [CrossRef]

12. Lee, S.; Baek, D. Effects of Streptococcus Thermophilus on Volatile Sulfur Compounds Produced by Porphyromonas gingivalis.
Arch. Oral Biol. 2014, 59, 1205–1210. [CrossRef]

13. Oh, S.; Kim, S.; Ko, Y.; Sim, J.; Kim, K.S.; Lee, S.; Park, S.; Kim, Y.J. Effect of Bacteriocin Produced by Lactococcus Sp. HY 449 on
Skin-Inflammatory Bacteria. Food Chem. Toxicol. 2006, 44, 1184–1190. [CrossRef]

14. Shin, H.; Baek, D.; Lee, S. Inhibitory Effect of Lactococcus Lactis on the Bioactivity of Periodontopathogens. J. Gen. Appl. Microbiol.
2018, 64, 55–61. [CrossRef] [PubMed]

15. Dargahi, N.; Johnson, J.; Apostolopoulos, V. Streptococcus Thermophilus Alters the Expression of Genes Associated with Innate
and Adaptive Immunity in Human Peripheral Blood Mononuclear Cells. PLoS ONE 2020, 15, e0228531. [CrossRef] [PubMed]

https://doi.org/10.1016/S0140-6736(05)67728-8
https://doi.org/10.3389/fimmu.2024.1385436
https://www.ncbi.nlm.nih.gov/pubmed/38919613
https://doi.org/10.1038/nri3785
https://doi.org/10.1186/s12903-022-02530-6
https://www.ncbi.nlm.nih.gov/pubmed/36380339
https://doi.org/10.1016/j.jdsr.2022.10.002
https://doi.org/10.3389/fimmu.2021.763334
https://doi.org/10.3390/cells10010050
https://www.ncbi.nlm.nih.gov/pubmed/33396360
https://doi.org/10.1016/j.job.2020.02.002
https://doi.org/10.1021/acsami.3c17862
https://doi.org/10.3390/ijms24021084
https://doi.org/10.1016/j.bcp.2022.115072
https://doi.org/10.1016/j.archoralbio.2014.07.006
https://doi.org/10.1016/j.fct.2005.08.008
https://doi.org/10.2323/jgam.2017.06.003
https://www.ncbi.nlm.nih.gov/pubmed/29367491
https://doi.org/10.1371/journal.pone.0228531
https://www.ncbi.nlm.nih.gov/pubmed/32045425


Nutrients 2025, 17, 2638 14 of 15

16. Holowacz, S.; Guinobert, I.; Guilbot, A.; Hidalgo, S.; Bisson, J.F.A. Mixture of Five Bacterial Strains Attenuates Skin Inflammation
in Mice. J. Appl. Microbiol. 2004, 96, 1161–1169. [CrossRef] [PubMed]

17. Chen, Y.; Hu, M.; Wang, L.; Chen, W. Macrophage M1/M2 Polarization. Eur. J. Pharmacol. 2020, 877, 173090.
18. Wang, H.; Lou, J.; Liu, H.; Liu, Y.; Xie, B.; Zhang, W.; Xie, J.; Pan, H.; Han, W. TRIM59 Deficiency Promotes M1 Macrophage

Activation and Inhibits Colorectal Cancer through the STAT1 Signaling Pathway. Sci. Rep. 2024, 14, 16081. [CrossRef]
19. Liu, L.; Guo, H.; Song, A.; Huang, J.; Zhang, Y.; Jin, S.; Li, S.; Zhang, L.; Yang, C.; Yang, P. Progranulin Inhibits LPS-Induced

Macrophage M1 Polarization Via NF-кB and MAPK Pathways. BMC Immunol. 2020, 21, 32. [CrossRef]
20. Shi, Y.; Li, J.; Chen, H.; Hu, Y.; Tang, L.; Zhou, X.; Tao, M.; Lv, Z.; Chen, S.; Qiu, A.; et al. Pharmacologic Inhibition of Histone

Deacetylase 6 Prevents the Progression of Chlorhexidine Gluconate-Induced Peritoneal Fibrosis by Blockade of M2 Macrophage
Polarization. Front. Immunol. 2022, 13, 899140. [CrossRef]

21. Xia, T.; Zhang, M.; Lei, W.; Yang, R.; Fu, S.; Fan, Z.; Yang, Y.; Zhang, T. Advances in the Role of STAT3 in Macrophage Polarization.
Front. Immunol. 2023, 14, 1160719. [CrossRef]

22. Fan, Z.; Cui, Y.; Chen, L.; Liu, P.; Duan, W. 23-Hydroxybetulinic Acid Attenuates 5-Fluorouracil Resistance of Colorectal Cancer
by Modulating M2 Macrophage Polarization Via STAT6 Signaling. Cancer Immunol. Immunother. 2024, 73, 83. [CrossRef]

23. Lacey, D.L.; Timms, E.; Tan, H.L.; Kelley, M.J.; Dunstan, C.R.; Burgess, T.; Elliott, R.; Colombero, A.; Elliott, G.; Scully, S.; et al.
Osteoprotegerin Ligand is a Cytokine that Regulates Osteoclast Differentiation and Activation. Cell 1998, 93, 165–176. [CrossRef]

24. Yagi, M.; Ninomiya, K.; Fujita, N.; Suzuki, T.; Iwasaki, R.; Morita, K.; Hosogane, N.; Matsuo, K.; Toyama, Y.; Suda, T.; et al.
Induction of DC-STAMP by Alternative Activation and Downstream Signaling Mechanisms. J. Bone Miner. Res. 2007, 22, 992–1001.
[CrossRef]

25. Boyle, W.J.; Simonet, W.S.; Lacey, D.L. Osteoclast Differentiation and Activation. Nature 2003, 423, 337–342. [CrossRef] [PubMed]
26. Takayanagi, H.; Kim, S.; Koga, T.; Nishina, H.; Isshiki, M.; Yoshida, H.; Saiura, A.; Isobe, M.; Yokochi, T.; Inoue, J.; et al. Induction

and Activation of the Transcription Factor NFATc1 (NFAT2) Integrate RANKL Signaling in Terminal Differentiation of Osteoclasts.
Dev. Cell. 2002, 3, 889–901. [CrossRef]

27. Huang, H.; Chang, E.; Ryu, J.; Lee, Z.H.; Lee, Y.; Kim, H. Induction of C-Fos and NFATc1 during RANKL-Stimulated Osteoclast
Differentiation is Mediated by the p38 Signaling Pathway. Biochem. Biophys. Res. Commun. 2006, 351, 99–105. [CrossRef] [PubMed]

28. Ikeda, F.; Matsubara, T.; Tsurukai, T.; Hata, K.; Nishimura, R.; Yoneda, T. JNK/C-Jun Signaling Mediates an Anti-Apoptotic Effect
of RANKL in Osteoclasts. J. Bone Miner. Res. 2008, 23, 907–914. [CrossRef]

29. Lee, M.S.; Kim, H.S.; Yeon, J.; Choi, S.; Chun, C.H.; Kwak, H.B.; Oh, J. GM-CSF Regulates Fusion of Mononuclear Osteoclasts into
Bone-Resorbing Osteoclasts by Activating the Ras/ERK Pathway. J. Immunol. 2009, 183, 3390–3399. [CrossRef]

30. Lin, P.; Niimi, H.; Ohsugi, Y.; Tsuchiya, Y.; Shimohira, T.; Komatsu, K.; Liu, A.; Shiba, T.; Aoki, A.; Iwata, T.; et al. Application of
Ligature-Induced Periodontitis in Mice to Explore the Molecular Mechanism of Periodontal Disease. Int. J. Mol. Sci. 2021, 22,
8900. [CrossRef] [PubMed]

31. Curtis, M.A.; Diaz, P.I.; Van Dyke, T.E. The Role of the Microbiota in Periodontal Disease. Periodontology 2020, 83, 14–25. [CrossRef]
32. Rebelo, M.B.; Oliveira, C.S.; Tavaria, F.K. Novel Strategies for Preventing Dysbiosis in the Oral Cavity. Front. Biosci. (Elite Ed)

2023, 15, 23. [CrossRef]
33. Yamazaki, K. Oral-Gut Axis as a Novel Biological Mechanism Linking Periodontal Disease and Systemic Diseases: A Review. Jpn.

Dent. Sci. Rev. 2023, 59, 273–280. [CrossRef]
34. Wang, A.; Zhai, Z.; Ding, Y.; Wei, J.; Wei, Z.; Cao, H. The Oral-Gut Microbiome Axis in Inflammatory Bowel Disease: From Inside

to Insight. Front. Immunol. 2024, 15, 1430001. [CrossRef] [PubMed]
35. Gan, G.; Lin, S.; Luo, Y.; Zeng, Y.; Lu, B.; Zhang, R.; Chen, S.; Lei, H.; Cai, Z.; Huang, X. Unveiling the Oral-Gut Connection:

Chronic Apical Periodontitis Accelerates Atherosclerosis Via Gut Microbiota Dysbiosis and Altered Metabolites in apoE(-/-) Mice
on a High-Fat Diet. Int. J. Oral Sci. 2024, 16, 39. [CrossRef]

36. Kunath, B.J.; De Rudder, C.; Laczny, C.C.; Letellier, E.; Wilmes, P. The Oral-Gut Microbiome Axis in Health and Disease. Nat. Rev.
Microbiol. 2024, 22, 791–805. [CrossRef] [PubMed]

37. Ferrillo, M.; Giudice, A.; Migliario, M.; Renó, F.; Lippi, L.; Calafiore, D.; Marotta, N.; de Sire, R.; Fortunato, L.; Ammendolia, A.;
et al. Oral-Gut Microbiota, Periodontal Diseases, and Arthritis: Literature Overview on the Role of Probiotics. Int. J. Mol. Sci.
2023, 24, 4626. [CrossRef] [PubMed]

38. Di Stefano, M.; Polizzi, A.; Santonocito, S.; Romano, A.; Lombardi, T.; Isola, G. Impact of Oral Microbiome in Periodontal Health
and Periodontitis: A Critical Review on Prevention and Treatment. Int. J. Mol. Sci. 2022, 23, 5142. [CrossRef]

39. Piqué, N.; Berlanga, M.; Miñana-Galbis, D. Health Benefits of Heat-Killed (Tyndallized) Probiotics: An Overview. Int. J. Mol. Sci.
2019, 20, 2534. [CrossRef]

40. Jhong, J.; Tsai, W.; Yang, L.; Chou, C.; Lee, T.; Yeh, Y.; Huang, C.; Luo, Y. Heat-Killed Lacticaseibacillus Paracasei GMNL-653
Exerts Antiosteoporotic Effects by Restoring the Gut Microbiota Dysbiosis in Ovariectomized Mice. Front. Nutr. 2022, 9, 804210.
[CrossRef]

https://doi.org/10.2174/1871523017666180813123823
https://www.ncbi.nlm.nih.gov/pubmed/30101719
https://doi.org/10.1038/s41598-024-66388-0
https://doi.org/10.1186/s12865-020-00355-y
https://doi.org/10.3389/fimmu.2022.899140
https://doi.org/10.3389/fimmu.2023.1160719
https://doi.org/10.1007/s00262-024-03662-0
https://doi.org/10.1016/S0092-8674(00)81569-X
https://doi.org/10.1359/jbmr.070401
https://doi.org/10.1038/nature01658
https://www.ncbi.nlm.nih.gov/pubmed/12748652
https://doi.org/10.1016/S1534-5807(02)00369-6
https://doi.org/10.1016/j.bbrc.2006.10.011
https://www.ncbi.nlm.nih.gov/pubmed/17052691
https://doi.org/10.1359/jbmr.080211
https://doi.org/10.4049/jimmunol.0804314
https://doi.org/10.3390/ijms22168900
https://www.ncbi.nlm.nih.gov/pubmed/34445604
https://doi.org/10.1111/prd.12296
https://doi.org/10.31083/j.fbe1504023
https://doi.org/10.1016/j.jdsr.2023.08.003
https://doi.org/10.3389/fimmu.2024.1430001
https://www.ncbi.nlm.nih.gov/pubmed/39131163
https://doi.org/10.1038/s41368-024-00301-3
https://doi.org/10.1038/s41579-024-01075-5
https://www.ncbi.nlm.nih.gov/pubmed/39039286
https://doi.org/10.3390/ijms24054626
https://www.ncbi.nlm.nih.gov/pubmed/36902056
https://doi.org/10.3390/ijms23095142
https://doi.org/10.3390/ijms20102534
https://doi.org/10.3389/fnut.2022.804210


Nutrients 2025, 17, 2638 15 of 15

41. Lin, W.; Kuo, Y.; Chen, C.; Huang, Y.; Hsu, C.; Lin, J.; Liu, C.; Chen, J.; Hsia, K.; Ho, H. Viable and Heat-Killed Probiotic Strains
Improve Oral Immunity by Elevating the IgA Concentration in the Oral Mucosa. Curr. Microbiol. 2021, 78, 3541–3549. [CrossRef]

42. Furlaneto, F.; Ishikawa, K.H.; Messora, M.R.; Mayer, M.P.A. Probiotics during the Therapeutic Management of Periodontitis. Adv.
Exp. Med. Biol. 2022, 1373, 353–375.

43. Kumar, G.; Tewari, S.; Tagg, J.; Chikindas, M.L.; Popov, I.V.; Tiwari, S.K. Can Probiotics Emerge as Effective Therapeutic Agents in
Apical Periodontitis? A Review. Probiotics Antimicrob. Proteins 2021, 13, 299–314. [CrossRef]

44. Balta, M.G.; Papathanasiou, E.; Blix, I.J.; Van Dyke, T.E. Host Modulation and Treatment of Periodontal Disease. J. Dent. Res. 2021,
100, 798–809. [CrossRef]

45. Golub, L.M.; Lee, H. Periodontal Therapeutics: Current Host-Modulation Agents and Future Directions. Periodontology 2000 2020,
82, 186–204. [CrossRef] [PubMed]

46. Deandra, F.A.; Ketherin, K.; Rachmasari, R.; Sulijaya, B.; Takahashi, N. Probiotics and Metabolites Regulate the Oral and Gut
Microbiome Composition as Host Modulation Agents in Periodontitis: A Narrative Review. Heliyon 2023, 9, e13475. [CrossRef]

47. Amato, M.; Di Spirito, F.; D’Ambrosio, F.; Boccia, G.; Moccia, G.; De Caro, F. Probiotics in Periodontal and Peri-Implant Health
Management: Biofilm Control, Dysbiosis Reversal, and Host Modulation. Microorganisms 2022, 10, 2289. [CrossRef]

48. Ding, Q.; Sun, X.; Cao, S.; Zhao, C.; Wang, Y.; Wang, X. Heat-Killed Lactobacillus Acidophilus Mediates Fusobacterium Nucleatum
Induced Pro-Inflammatory Responses in Epithelial Cells. FEMS Microbiol. Lett. 2021, 368, fnaa160. [CrossRef] [PubMed]

49. Zaura, E.; Twetman, S. Critical Appraisal of Oral Pre- and Probiotics for Caries Prevention and Care. Caries Res. 2019, 53, 514–526.
[CrossRef]

50. Iwasaki, K.; Maeda, K.; Hidaka, K.; Nemoto, K.; Hirose, Y.; Deguchi, S. Daily Intake of Heat-Killed Lactobacillus Plantarum L-137
Decreases the Probing Depth in Patients Undergoing Supportive Periodontal Therapy. Oral Health Prev. Dent. 2016, 14, 207–214.
[PubMed]

51. Zhuang, Z.; Yoshizawa-Smith, S.; Glowacki, A.; Maltos, K.; Pacheco, C.; Shehabeldin, M.; Mulkeen, M.; Myers, N.; Chong, R.;
Verdelis, K.; et al. Induction of M2 Macrophages Prevents Bone Loss in Murine Periodontitis Models. J. Dent. Res. 2019, 98,
200–208. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s00284-021-02569-8
https://doi.org/10.1007/s12602-021-09750-2
https://doi.org/10.1177/0022034521995157
https://doi.org/10.1111/prd.12315
https://www.ncbi.nlm.nih.gov/pubmed/31850625
https://doi.org/10.1016/j.heliyon.2023.e13475
https://doi.org/10.3390/microorganisms10112289
https://doi.org/10.1093/femsle/fnaa160
https://www.ncbi.nlm.nih.gov/pubmed/33693760
https://doi.org/10.1159/000499037
https://www.ncbi.nlm.nih.gov/pubmed/27175447
https://doi.org/10.1177/0022034518805984
https://www.ncbi.nlm.nih.gov/pubmed/30392438

	Introduction 
	Materials and Methods 
	Reagents and Antibodies 
	Preparation of Postbiotics 
	MTT Assay 
	Macrophage Polarization 
	In Vitro Osteoclast Differentiation 
	Reverse Transcription-Quantitative PCR (RT-qPCR) 
	Western Immunoblot Assay 
	Flow Cytometry Analysis 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	Ligature-Induced Periodontitis in Mice 
	Statistical Analysis 

	Results 
	HK-HY449 and HK-HY9012 Alter M1/M2 Marker Expression During Macrophage Polarization 
	HK-HY449 and HK-HY9012 Differentially Modulate M1/M2 Cytokine Expression and Polarization-Associated Signaling Pathways 
	HK-HY449 and HK-HY9012 Suppress Osteoclast Differentiation by Modulating Osteoclastogenic Gene Expression and MAPK Signaling Pathways 
	HK-HY449 and HK-HY9012 Attenuate Alveolar Bone Loss and Inflammation in a Ligature-Induced Periodontitis Model 

	Discussion 
	Conclusions 
	References

