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COX-2;
Gingival fibroblasts

Materials and methods: Human gingival fibroblasts (HGF-1 cells) were exposed to PM, and the
protective effects of nattokinase pretreatment were systematically evaluated. COX-2, PGE,,

and MMP-1 expression and release were analyzed using immunoblotting and enzyme-linked
immunosorbent assay. The roles of nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase-derived reactive oxygen species (ROS), phosphoinositide 3-kinase (PI3K)/protein ki-
nase B (Akt), and mitogen-activated protein kinase (MAPK) pathways were examined using
pharmacological inhibitors. The nuclear factor erythroid 2-related factor 2 (Nrf2)/heme
oxygenase-1 (HO-1) axis was validated by inhibitors and antioxidant response element (ARE)-

luciferase assays.

Results: PM stimulation induced COX-2 expression, PGE, release, and MMP-1 upregulation in
HGF-1 cells through NADPH oxidase-mediated ROS generation, PI3K/Akt activation, and phos-
phorylation of p42/p44 MAPK and p38 MAPK. ROS and PI3K/Akt exhibited bidirectional regula-
tion reinforcing COX-2 and MMP-1 induction. Nattokinase pretreatment markedly suppressed
these pro-inflammatory and matrix-degrading responses. Mechanistically, nattokinase
enhanced Nrf2 activation and HO-1 expression, thereby attenuating PM-induced signaling cas-
cades and mediator release. Inhibition of Nrf2 or HO-1 abolished nattokinase’s protective ef-

fects.

Conclusion: Nattokinase protects HGF-1 cells from PM-induced inflammation and matrix degra-
dation by activating the Nrf2/HO-1 axis and suppressing NADPH oxidase-derived ROS, effec-
tively interrupting the reciprocal regulation between ROS, PI3K/Akt, and MAPK pathways.

© 2026 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).

Introduction

Airborne particulate matter (PM) is a major environmental
pollutant and has been strongly associated with cardiovas-
cular and respiratory diseases through oxidative stress and
inflammation.” Beyond systemic effects, epidemiological
studies indicate that long-term exposure to fine PM in-
creases the risk of periodontal disease.?”* This suggests that
PM may act as an overlooked environmental risk factor for
periodontitis, a chronic inflammatory condition character-
ized by gingival inflammation, connective tissue break-
down, and alveolar bone loss.

Gingival fibroblasts (GFs) are key stromal cells respon-
sible for extracellular matrix synthesis and remodeling, and
they act as sentinel cells that respond to environmental
insults by producing cytokines and matrix metal-
loproteinases (MMPs).* Dysregulated activation of GFs am-
plifies inflammatory cascades, with mediators such as
cyclooxygenase-2 (COX-2), prostaglandin E; (PGE;), and
MMP-1 playing central roles in periodontal tissue destruc-
tion.” Oxidative stress has been recognized as a major
mechanism of PM-induced cytotoxicity. Reactive oxygen
species (ROS), generated mainly via nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase, activate phos-
phoinositide 3-kinase (PI3K)/protein kinase B (Akt) and
mitogen-activated protein kinase (MAPK) pathways and
further drive  pro-inflammatory and degradative
responses.® ¢ While these signaling mechanisms have been
well described in pulmonary and vascular systems, their
contribution to gingival fibroblast-mediated periodontal
pathology remains insufficiently studied.

The transcription factor nuclear factor erythroid 2-
related factor 2 (Nrf2) is a central regulator of
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antioxidant defense, inducing cytoprotective genes such as
heme oxygenase-1 (HO-1).”' Recent studies show that
activation of the Nrf2/HO-1 axis can alleviate oxidative
stress and suppress inflammatory responses in periodontal
disease models."""'? Natural compounds capable of modu-
lating this pathway have attracted attention as adjunctive
approaches in managing oral inflammation.’>'* Nattoki-
nase, a serine protease from Bacillus subtilis fermentation
in “natto,” is well known for its cardiovascular, anti-
oxidative, and anti-inflammatory properties.’>'® Experi-
mental studies further demonstrated that nattokinase
protects against oxidative and inflammatory damage by
activating the Nrf2/HO-1 pathway in extraoral disease
models."'”"'® However, whether nattokinase exerts similar
protective effects in the oral cavity, particularly in PM-
induced periodontal injury, remains unclear.

Therefore, this study investigated the mechanisms by
which PM induces inflammatory and matrix-degrading re-
sponses in gingival fibroblasts, and whether nattokinase
attenuates these effects via NADPH oxidase/ROS, PI3K/Akt,
MAPK, and Nrf2/HO-1 signaling.

Materials and methods

Urban particulate matter water-soluble extracts

Fifty milligrams of urban PM (NIST 1648a, Sigma, St. Louis,
MO, USA) was suspended in 5 ml of phosphate-buffered
saline (PBS, pH 7.4) and sonicated for 20 min in an ice bath
to ensure complete dispersion. The suspension was then
centrifuged at 20,000 rpm for 10 min at 4 °C, and the su-
pernatant was filtered through a 0.22-um syringe filter to
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obtain the water-soluble fraction. PBS was used instead of
culture medium to prevent interference from serum com-
ponents and to ensure reproducibility when preparing the
aqueous extract of this certified reference material (NIST
SRM 1648a).

Reagents

Diphenyleneiodonium chloride (DPl, Cat. #D2926), N-
acetyl-L-cysteine (NAC, Cat. #A9165), apocynin (APO, Cat.
#178385), and ML385 (Cat. #SML1833) were purchased from
Sigma—Aldrich (St. Louis, MO, USA). Heme Oxygenase-1-IN-
1 hydrochloride (Cat. #HY-111798A), nattokinase (Cat. #HY-
P2373), PD98059 (Cat. #HY-12028), NS-398 (Cat. #HY-
13913), LY294002 (Cat. #HY-10108), SH-5 (Cat. #HY-14766),
and SB-242235 (Cat. #HY-16518) were purchased from
MedChemExpress (Monmouth Junction, NJ, USA). Primary
antibodies against HO-1 (Cat. #ab13243), GAPDH (Cat.
#ab9485), and COX-2 (Cat. #ab15191) were purchased from
Abcam (Cambridge, UK). Phospho-p38 MAPK (Thr180/
Tyr182; Cat. #9211), phospho-Akt (Ser473; Cat. #9271), and
phospho-p42/p44 MAPK (Thr202/Tyr204; Cat. #9101) anti-
bodies were purchased from Cell Signaling Technology
(Danvers, MA, USA).

Cell culture

Human gingival fibroblasts (HGF-1, ATCC CRL-2014; Mana-
ssas, VA, USA) were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM, ATCC 30-2002) supplemented with 10 %
fetal bovine serum (FBS), 100 ug/ml streptomycin, and 100
U/ml penicillin, at 37 °C in a humidified 5 % CO, atmo-
sphere. Cells at passages 3—7 were used for experiments.

Cell viability

HGF-1 cells were treated with PM or nattokinase at various
concentrations for different durations to assess dose-
dependent cytotoxicity. Cell viability was determined
using the PrestoBlue™ Cell Viability Reagent (Invitrogen,
Carlsbad, CA, USA; Cat. #A13262) according to the manu-
facturer’s instructions. Results were expressed as the per-
centage of viable cells relative to untreated controls.

Real-time PCR

Total RNA was extracted under each experimental condi-
tion using TRIzol reagent and reverse-transcribed into
cDNA. Real-time PCR was carried out using SYBR™ Green
Universal Master Mix (Applied Biosystems, Branchburg, NJ,
USA; Cat. #4309155) with specific primers for human
GAPDH, COX-2, MMP-1, and HO-1. Relative mRNA levels of
COX-2, MMP-1, and HO-1 were normalized to GAPDH
expression.

Luciferase reporter gene activity

The transcriptional activity of Nrf2 was assessed using the
antioxidant response element (ARE) Reporter Kit for Nrf2
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(BPS Bioscience, Cat. #60514). Luciferase activity was
measured according to the manufacturer’s protocol.

Western blot

HGF-1 cells were treated according to the experimental
design and processed as previously described.'® Following
incubation, cells were rapidly washed, harvested, and de-
natured by heating at 95 °C for 15 min, then centrifuged at
45,000xg at 4 °C to obtain whole-cell extracts. Proteins
were separated on 10 % SDS-PAGE gels and transferred to
nitrocellulose membranes. The membranes were incubated
overnight at 4 °C with primary antibodies (1:1000), followed
by HRP-conjugated anti-rabbit or anti-mouse secondary
antibodies (1:2000) for 1 h at room temperature. After
extensive washing with Tris-buffered saline containing
0.05 % Tween 20 (TTBS), immunoreactive bands were
visualized using enhanced chemiluminescence reagents.
Images were captured with an Azure Biosystems 260 imager
(Dublin, CA, USA), and band intensities were quantified
using UN-SCAN-IT gel software (Orem, UT, USA).

Determination of nicotinamide adenine
dinucleotide phosphate oxidase activity

HGF-1 cells were scraped, centrifuged (400xg, 10 min,
4 °C), and resuspended in ice-cold RPMI-1640 medium. A
5 ul aliquot of the suspension (0.2 x 10° cells) was added to
200 ul of pre-warmed medium containing 1 uM NADPH or
20 pM lucigenin. Chemiluminescence was measured using
an Appliskan luminometer (Thermo Fisher Scientific, Wal-
tham, MA, USA) for 12 min, and activity was expressed as
counts per 10° cells.

Measurement of intracellular reactive oxygen
species generation

Intracellular ROS levels were measured using the CellROX™
Green Reagent (Molecular Probes, Eugene, OR, USA; Cat.
#C10444). HGF-1 cells were washed with warm Hank’s
Balanced Salt Solution (HBSS) and incubated at 37 °C for
30 min in HBSS containing 5 M CellROX Green. After in-
cubation, the reagent was removed and replaced with fresh
medium, followed by treatment with PM under different
experimental conditions. Cells were then washed twice
with PBS, detached with trypsin/EDTA, and analyzed by
flow cytometry (FACScan, BD Biosciences, San Jose, CA,
USA) with excitation/emission wavelengths of 485/520 nm.

Measurement of prostaglandin E; and matrix
metalloproteinase-1 release

After incubation of HGF-1 cells with PM for the indicated
times at 37 °C, culture media were collected. PGE; levels
were quantified using a PGE; ELISA kit (Enzo Life Sciences,
Farmingdale, NY, USA; Cat. #ADI-900-001), and MMP-1
levels were measured using a human MMP-1 ELISA kit
(Thermo Fisher Scientific, Waltham, MA, USA; Cat.
#EHMMP1), following the manufacturers’ instructions.
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Statistical analysis

All data were analyzed using GraphPad Prism 9 (GraphPad
Software, San Diego, CA, USA). Quantitative results are
expressed as mean =+ S.D., with individual data points
shown as dot plots to illustrate biological variability. Sta-
tistical significance was determined by one-way ANOVA,
followed by Tukey’s post-hoc test for multiple comparisons.
A P-value <0.05 was considered statistically significant.

Results

Particulate matter triggers cyclooxygenase-2-
driven inflammatory and matrix-degrading
responses

Environmental PM has been shown to trigger oxidative
stress and inflammation,?®?" but its role in periodontal
tissue remodeling remains incompletely understood. To
establish the working concentration, HGF-1 cells were
treated with various concentrations of PM for 24 h. Cell
viability assays showed that only the highest concentration
(100 pg/cm?) caused a significant reduction in viability,
whereas lower concentrations, including 50 pg/cm?, had no
effect (Fig. 1A). Time-course experiments further
confirmed that treatment with 50 pg/cm? PM for up to 48 h
did not affect cell viability (Fig. 1B). Thus, 50 pg/cm? was
used for subsequent experiments. Under this condition, PM
exposure markedly induced COX-2 protein expression
(Fig. 1C) and significantly increased the release of PGE,
(Fig. 1D). Both MMP-1 mRNA expression and protein secre-
tion were also elevated in a time-dependent manner
(Fig. 1E and F). Importantly, pretreatment with the selec-
tive COX-2 inhibitor NS-398 for 1 h suppressed PM-induced
MMP-1 expression and release (Fig. 1G), confirming that
MMP-1 induction in HGF-1 cells occurs via a COX-2-
dependent mechanism.

Nattokinase attenuates particulate matter-induced
pro-inflammatory and degradative responses

Nattokinase has been reported to exert anti-inflammatory
and antioxidative activities,”>?*> but its effects on peri-
odontal fibroblasts under environmental stress remain
poorly defined. To examine this, HGF-1 cells were treated
with nattokinase at concentrations ranging from 0 to
100 uM for 12—48 h. Cell viability assays revealed no cyto-
toxicity at any concentration or time point, confirming its
cellular safety (Fig. 2A). Pretreatment with nattokinase for
1 h markedly suppressed PM-induced COX-2 protein
expression (Fig. 2B) and mRNA levels (Fig. 2C), accompa-
nied by a significant reduction in PGE, release (Fig. 2D).
Furthermore, nattokinase treatment attenuated MMP-1
mRNA expression and protein secretion (Fig. 2E). These
findings indicate that nattokinase effectively counteracts
PM-induced pro-inflammatory signaling and matrix degra-
dation in HGF-1 cells.
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Figure 1 PM induces COX-2-dependent PGE, and MMP-1

production. (A and B) HGF-1 cells were treated with different
concentrations of PM for 24 h, or with 50 pg/cm? of PM for
various time points, and cell viability was then measured. HGF-
1 cells were treated with 50 pg/cm? of PM for different time
points, and (C) COX-2 protein levels, (D) PGE; release, (E) MMP-
1 mRNA expression, and (F) MMP-1 release were measured. (G)
HGF-1 cells were pretreated with NS-398 and then exposed to
PM, after which MMP-1 mRNA expression and release were
examined. Data are presented as mean + SD from at least
three independent experiments. *P < 0.05, P < 0.01 compared
with the control group (A, C—F). P < 0.01 compared with cells
exposed to PM alone. PM: particulate matter; COX-2: cyclo-
oxygenase-2; PGE,: prostaglandin E,; MMP-1: matrix
metalloproteinase-1; HGF-1: human gingival fibroblast.

Nattokinase inhibits nicotinamide adenine
dinucleotide phosphate oxidase/reactive oxygen
species-mediated cyclooxygenase-2 expression

ROS generated via NADPH oxidase are important mediators
of PM-induced inflammation.”*?> To evaluate their
involvement, HGF-1 cells were pretreated with ROS mod-
ulators prior to PM exposure. Pretreatment with NAC (a
general ROS scavenger), APO (an NADPH oxidase inhibitor),
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Figure 2

Nattokinase inhibits PM-induced COX-2 and MMP-1 expression. (A) Cells were exposed to different concentrations of

nattokinase for various durations, after which cell viability was measured. Cells were pretreated with nattokinase for 1 h, followed
by PM exposure, and then (B) COX-2 protein expression, (C) COX-2 mRNA levels, (D) PGE; release, and (E) MMP-1 mRNA expression
and MMP-1 release were measured. Data are presented as mean =+ SD from at least three independent experiments. “P < 0.01
compared with cells exposed to PM alone. PM: particulate matter; COX-2: cyclooxygenase-2; PGE,: prostaglandin E;; MMP-1: matrix

metalloproteinase-1.

or DPI (a flavoprotein inhibitor that blocks NADPH oxidase
activity) for 1 h significantly reduced COX-2 protein and
mMRNA expression, attenuated PGE; release, and decreased
MMP-1 expression (Fig. 3A—E). Time-course analysis further
showed that PM stimulation induced a rapid and sustained
increase in intracellular ROS levels and NADPH oxidase ac-
tivity (Fig. 3F and G). Notably, pretreatment with nattoki-
nase markedly suppressed both ROS generation and NADPH
oxidase activity (Fig. 3H). These results demonstrate that
PM-induced COX-2 and MMP-1 expression is closely linked to
NADPH oxidase-derived ROS, and that nattokinase attenu-
ates this response by inhibiting ROS production.
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Particulate matter activates protein kinase B
phosphorylation through reactive oxygen species
and establishes reciprocal regulation

The PI3K/Akt pathway is closely associated with redox
signaling in inflammatory responses.’®?” In HGF-1 cells,
inhibition of PI3K/Akt with LY294002 or SH-5 (PI3K/Akt in-
hibitors) significantly reduced PM-induced COX-2 expres-
sion, PGE; release, and MMP-1 production (Fig. 4A—E).
Time-course analysis showed that PM induced rapid Akt
phosphorylation, which peaked at 10 min and remained
elevated for at least 60 min (Fig. 4F). Pretreatment with
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Figure 4 Bidirectional regulation of PI3K/Akt and ROS in PM-
induced COX-2 and MMP-1 expression. Cells were pretreated
Figure 3  Nattokinase inhibits NADPH oxidase/ROS-mediated with LY294002 (LY) or SH-5 for 1 h, followed by PM exposure,

COX-2 expression. Cells were pretreated with NAC, APO, or DPI
for 1 h, followed by PM exposure, and then (A) COX-2 protein
expression, (B) COX-2 mRNA levels, (C) PGE, release, (D) MMP-1
mRNA expression, and (E) MMP-1 release were examined. After
cells were treated with PM for different time points, (F)
intracellular ROS generation and (G) NADPH oxidase activity
were examined. (H) Cells were pretreated with nattokinase or
DPI for 1 h, followed by PM exposure, and intracellular ROS
generation and NADPH oxidase activity were examined. Data
are presented as mean + SD from at least three independent
experiments. *P < 0.01 compared with cells exposed to PM
alone (A-E and H). *P < 0.05, P < 0.01 compared with the
control group (F and G). NADPH: nicotinamide adenine dinu-
cleotide phosphate; ROS: reactive oxygen species; COX-2:
cyclooxygenase-2; NAC: N-acetyl-L-cysteine; DPI: diphenyle-
neiodonium chloride; APO: apocynin; PM: particulate matter;
PGE,: prostaglandin E;; MMP-1: matrix metalloproteinase-1.

ROS inhibitors or nattokinase for 1 h markedly suppressed
PM-induced Akt phosphorylation (Fig. 4G), indicating that
ROS contribute to Akt activation. Conversely, inhibition of
PI3K/Akt reduced PM-induced ROS generation and NADPH
oxidase activity (Fig. 4H), suggesting a reciprocal
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and (A) COX-2 protein expression, (B) COX-2 mRNA levels, (C)
PGE, release, (D) MMP-1 mRNA expression, and (E) MMP-1
release were examined. (F) Cells were treated with PM for
different time points, or (G) pretreated with NAC, APO, DPI, or
nattokinase for 1 h followed by PM exposure, and Akt phos-
phorylation was examined. (H) Cells were pretreated with
LY294002 or SH-5 for 1 h, followed by PM exposure, and
intracellular ROS generation and NADPH oxidase activity were
examined. Data are presented as mean + SD from at least
three independent experiments. *P < 0.01 compared with cells
exposed to PM alone (A-E, G, and H). 7P < 0.01 compared with
the control group (F). PI3K: phosphoinositide 3-kinase; Akt:
protein kinase B; ROS: reactive oxygen species; PM: particulate
matter; COX-2: cyclooxygenase-2; MMP-1: matrix
metalloproteinase-1; PGE,: prostaglandin E;; NAC: N-acetyl-L-
cysteine; APO: apocynin; DPI: diphenyleneiodonium chloride;
NADPH: nicotinamide adenine dinucleotide phosphate.

regulatory relationship between ROS and PI3K/Akt. These
results indicate that PM-induced COX-2 and MMP-1
expression requires both ROS and PI3K/Akt signaling, and
that nattokinase effectively interrupts this amplification
loop.



Journal of Dental Sciences 21 (2026) 457—467

Nattokinase inhibits p42/p44 mitogen-activated
protein kinase-mediated cyclooxygenase-2
expression

MAPK cascades, particularly p42/p44 MAPK, are important
mediators of inflammatory signaling.?®?° To assess their
involvement, HGF-1 cells were pretreated with the MEK
inhibitor PD98059 before PM exposure. Inhibition of p42/
p44 MAPK significantly suppressed PM-induced COX-2 pro-
tein and mRNA expression, reduced PGE, release, and
decreased MMP-1 expression (Fig. 5A—E). Time-course
analysis showed that PM rapidly induced p42/p44 MAPK
phosphorylation, with a clear increase detected at 5, 10,

and 15 min, and the highest response observed at 5 min
(Fig. 5F). This phosphorylation was markedly inhibited by
ROS and PI3K/Akt inhibitors, as well as by nattokinase
pretreatment (Fig. 5G). These findings show that p42/p44
MAPK is activated downstream of ROS and PI3K/Akt, and
that nattokinase effectively suppresses this pathway.

Nattokinase inhibits p38 mitogen-activated protein
kinase-mediated cyclooxygenase-2 expression

The p38 MAPK pathway is another important regulator of
inflammatory gene expression.>%" To evaluate its role in PM-
induced responses, HGF-1 cells were pretreated with the p38
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Figure 6 Nattokinase inhibits p38 MAPK-mediated COX-2
Figure 5 Nattokinase inhibits p42/p44 MAPK-mediated COX- expression. Cells were pretreated with SB242235 for 1 h, fol-

2 expression. Cells were pretreated with PD98059 for 1 h,
followed by PM exposure, and (A) COX-2 protein expression, (B)
COX-2 mRNA levels, (C) PGE, release, (D) MMP-1 mRNA
expression, and (E) MMP-1 release were examined. (F) Cells
were treated with PM for different time points, or (G) pre-
treated with LY294002, NAC, DPI, or nattokinase for 1 h fol-
lowed by PM exposure, and p42/p44 MAPK phosphorylation was
examined. Data are presented as mean + SD from at least
three independent experiments. *P < 0.01 compared with cells
exposed to PM alone (A-E and G). P < 0.01 compared with the
control group (F). MAPK: mitogen-activated protein kinase;
COX-2: cyclooxygenase-2; PM: particulate matter; PGE,: pros-
taglandin E,; MMP-1: matrix metalloproteinase-1; NAC: N-
acetyl-L-cysteine; DPI: diphenyleneiodonium chloride.

lowed by PM exposure, and (A) COX-2 protein expression, (B)
COX-2 mRNA levels, (C) PGE, release, (D) MMP-1 mRNA
expression, and (E) MMP-1 release were examined. (F) Cells
were treated with PM for different time points, or (G) pre-
treated with LY294002, NAC, DPI, or nattokinase for 1 h fol-
lowed by PM exposure, and p38 MAPK phosphorylation was
examined. Data are presented as mean + SD from at least
three independent experiments. *P < 0.01 compared with cells
exposed to PM alone (A-E and G). *P < 0.05, P < 0.01
compared with the control group (F). MAPK: mitogen-activated
protein kinase; COX-2: cyclooxygenase-2; PM: particulate
matter; PGE,: prostaglandin E,; MMP-1: matrix
metalloproteinase-1; NAC: N-acetyl-L.-cysteine; DPI: dipheny-
leneiodonium chloride.
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Figure 7 Nattokinase suppresses COX-2 and MMP-1 via Nrf2/HO-1 activation. Cells were pretreated with ML385 or Heme Oxy-
genase-1-IN-1 hydrochloride (HO-1i) for 1 h, with or without nattokinase, followed by PM exposure. (A) COX-2 protein expression,
(B) PGE; release, and (C) MMP-1 release were examined. Cells were treated for different time points, and (D) HO-1 mRNA levels and
(E) ARE-luciferase activity were examined. Data are presented as mean + SD from at least three independent experiments.
#P < 0.01 compared with cells treated with PM plus nattokinase (A—C). *P < 0.05, P < 0.01 compared with the control group (D and
E). COX-2: cyclooxygenase-2; MMP-1: matrix metalloproteinase-1; Nrf2: nuclear factor erythroid 2-related factor 2; HO-1: heme
oxygenase-1; PM: particulate matter; PGE;: prostaglandin E;; HO-1i: heme oxygenase-1 inhibitor; ARE: antioxidant response
element.

MAPK inhibitor SB242235 before PM exposure. Inhibition of This phosphorylation was markedly reduced by ROS in-
p38 MAPK significantly reduced PM-induced COX-2 protein hibitors, PI3K/Akt blockade, and nattokinase pretreatment
and mRNA expression, attenuated PGE, release, and sup- (Fig. 6G). These results indicate that p38 MAPK activation
pressed MMP-1 expression (Fig. 6A—E). Time-course experi- contributes to PM-induced COX-2 and MMP-1 expression, and
ments showed that PMinduced phosphorylation of p38 MAPK, that nattokinase suppresses this process through inhibition of
with clear increases observed at 15, 30, and 60 min (Fig. 6F). upstream ROS and PI3K/Akt signaling.
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Schematic illustration of the proposed mechanism. PM stimulation activates multiple signaling pathways, including

ROS generation, NADPH oxidase activation, and PI3K/Akt as well as MAPK cascades, leading to the upregulation of COX-2 expression
and PGE, release, which in turn promote MMP-1 mRNA expression and protein release. Pretreatment with nattokinase attenuates
these PM-induced responses through the induction of the Nrf2/HO-1 signaling pathway, thereby suppressing downstream inflam-

matory and matrix-degrading processes.

Nattokinase suppresses cyclooxygenase-2 and
matrix metalloproteinase-1 via nuclear factor
erythroid 2-related factor 2/heme oxygenase-1
activation

The Nrf2/HO-1 pathway is a major antioxidant defense
mechanism that regulates cellular adaptation to oxidative
stress.>>33 Since nattokinase is known to exert anti-
oxidative effects, we investigated whether its protective
action involves Nrf2/HO-1 activation. Nattokinase pre-
treatment markedly suppressed PM-induced COX-2
expression, PGE; release, and MMP-1 production. However,
these inhibitory effects were reversed when cells were
cotreated with the Nrf2 inhibitor ML385 or the HO-1 in-
hibitor Heme Oxygenase-1-IN-1 (Fig. 7A—C), demonstrating
that Nrf2/HO-1 activity is indispensable for nattokinase’s
protective role. Time-course analysis further demonstrated
that nattokinase significantly increased HO-1 mRNA
expression at 4, 6, and 12 h, while ARE-luciferase activity
was enhanced as early as 2 h and remained elevated at 4,
6, and 12 h (Fig. 7D and E). Collectively, these findings
demonstrate that nattokinase counteracts PM-induced in-
flammatory signaling through activation of the Nrf2/HO-1
pathway.
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Discussion

This study demonstrates that PM induces inflammatory
and degradative responses in HGF-1 cells through NADPH
oxidase-derived ROS, PI3K/Akt, and MAPK signaling, and
that nattokinase effectively counteracts these effects by
activating the Nrf2/HO-1 pathway. We found that ROS
and PI3K/Akt formed a reciprocal regulatory loop,
amplifying downstream activation of p42/p44 and p38
MAPKs and leading to COX-2 expression, PGE, release,
and MMP-1 upregulation. The data further demonstrate
that nattokinase exerts a potent inhibitory effect on PM-
induced oxidative and inflammatory cascades. Pretreat-
ment with nattokinase markedly reduced ROS generation
and NADPH oxidase activity, attenuated COX-2
expression, PGE; release, and MMP-1 induction. Mecha-
nistically, nattokinase enhanced Nrf2 activation and HO-1
expression, and blocking either Nrf2 or HO-1 reversed its
protective effects, confirming that the Nrf2/HO-1
pathway is indispensable. The early induction of ARE-
luciferase activity, followed by sustained increases in
HO-1 mRNA, suggests that nattokinase primes an antiox-
idant defense program that effectively neutralizes PM-
induced stress.



Y.-L. Li, Y.-C. Wu, C.-F. Tseng et al.

The integrated mechanism is summarized in Fig. 8,
which illustrates how PM activates NADPH oxidase-derived
ROS, leading to PI3K/Akt and MAPK phosphorylation,
resulting in COX-2 and MMP-1 induction and subsequent
matrix degradation. Nattokinase counters this process by
enhancing Nrf2/HO-1 activity, thereby suppressing ROS
generation, disrupting the reciprocal loop between ROS and
PI3K/Akt, and attenuating downstream MAPK activation
and mediator release. This schematic underscores the
central role of Nrf2/HO-1 activation in conferring protec-
tion against pollutant-induced injury.

These findings carry important implications for peri-
odontal health. Periodontitis is a multifactorial disease,
and while microbial dysbiosis remains central, environ-
mental exposures such as PM represent overlooked risk
factors that may exacerbate tissue destruction. Given that
nattokinase is safe, orally bioavailable, and already utilized
in cardiovascular health, its potential application as a
preventive or adjunctive therapeutic agent in oral diseases
deserves attention. Functional foods, supplements, or for-
mulations containing nattokinase may provide additional
benefits in populations exposed to high levels of PM.

Nonetheless, limitations of this study should be noted.
The work was performed in vitro using immortalized HGF-
1 cells, which cannot fully replicate the complexity of
periodontal tissues in vivo. The composition of urban PM is
heterogeneous, and real-world exposures may involve
additional organic or microbial components that were not
captured in this model. Furthermore, the pharmacokinetics
of nattokinase in gingival tissues remain unclear. Future
investigations using in vivo models of PM-induced peri-
odontal damage are required to confirm these protective
effects, and translational studies should evaluate whether
nattokinase can synergize with conventional periodontal
therapies to improve treatment outcomes.

In conclusion, our results reveal that PM promotes COX-2
expression, PGE; release, and MMP-1 induction in HGF-
1 cells through NADPH oxidase/ROS, PI3K/Akt, and MAPK
signaling, while nattokinase protects against these re-
sponses by activating the Nrf2/HO-1 pathway. See Fig. 8 for
the proposed mechanism, which highlights how nattokinase
interrupts oxidative and inflammatory cascades, thereby
protecting periodontal tissues from pollutant-induced
injury. These findings support the potential use of natto-
kinase as a therapeutic strategy for managing PM-related
periodontal tissue damage.
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